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Foreword 


It seems most appropriate that the authors have undertaken to summarize the 


methods of characterization that in many cases have now become an indispensable . 


part of any well-based semiconductor effort — be it manufacturing or research 
in nature. 

Noteworthy benefits have flowed from twenty years of intensive and large-scale 
investigation stimulated by the invention and development of the transistor. New 
and improved techniques of measurement have been devised for characterizing 
solids, and extensive measurements have been made. The focusing of most of the 
studies on nearly perfect single crystals of germanium, silicon, and germanium-like 
materials produced under a high degree of control has undoubtedly contributed 
strongly not only to the design and fabrication of exceptional devices but also to the 
usefulness of the data and to the striking advances achieved in the understanding 
of the effects of minute impurities and imperfections on the physical properties of 
solids. 


Early recognition of characterization of materials in the semiconductor field as an — 


activity vital to technological progress in semiconductor devices has undoubtedly 


had an impact on its acceptance in investigations in other areas in which materials 


are involved. 

It is apparent that characterization will continue to be an essential interest to 
many individuals involved in the vast semiconductor industry. Philip F. Kane and 
Graydon B. Larrabee are writing particularly for these. They are well qualified to 
speak authoritatively in this field, both by their own personal attainments and by 
virtue of the great variety and panier of. characterization problems that flow to 
them from the large semiconductor technical effort of Texas Instruments. Philip F. 
Kane is Director of the Central Analysis and Characterization Laboratory in TI’s 
Central Research Laboratories. Graydon Larrabee is associated with him in this 
responsibility. 

The present volume is being published as part of the Texas Instruments Elec- 


tronics Series to make available to the technical community the scientific techniques — 
that are essential to improvements in future materials and devices and to continued | 


growth of the semiconductor industry. - 


Gorpon K. Tat 
Vice President and Chief Scientist 
for Corporate Development 
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Preface 


‘Sometime during the latter half of 1964, Philip F. Kane was asked to contribute a 
chapter on semiconductors to ‘‘Standard Methods of Chemical Analysis.” In com- 
piling information for this, it became increasingly apparent that, first, there was no 
existing volume that fully covered this subject and, second, that the term analytical 
chemistry excluded many very important methods of evaluation from consideration. 
We felt that there was a distinct need for a treatise that would collect into one 
volume all the techniques, both compositional.and structural, applied in assessing 
material quality in the many stages of producing modern semiconductor devices. 

Commercially, only germanium, silicon, and the IIJ-V compounds are of any 
great significance and accordingly only these basic materials are dealt with in this 
book. The various ancillary materials such as leads, solders, encapsulants and so on 
can be dealt with by conventional analytical methods and are not included; how- | 
ever, derivatives which are an essentially intrinsic part of the device, e.g. oxide | 
films and epitaxial films, are covered since the methods are similar to those for bulk 
material. Surfaces are also considered an integral part of the device and are dealt 
with at some length. Raw materials for the production of the basic materials have 
been included since these give valuable information on the possible pnpuTiesi! in the 

-semiconductors. 

In March, 1967, almost a year after we had started on this work, the Materials - 
‘Advisory Board issued a report (MAB-229-M) entitled ‘Characterization of 
Materials’ which we felt crystallized most ably what we had been groping towards 
in our approach to semiconductors. As a result, we adopted the term characteriza- 
tion to describe the content of our book and we are grateful to the MAB committee 
for defining a term which we feel eminently acceptable to the scientists of different 
disciplines currently working in the field. 

It is our hope that the information we have compiled will be of value to analytical 
chemists, quality control engineers, materials scientists, and production engineers. 
Those directly engaged in semiconductor manufacture may find it a useful source- 
book for more detailed reading and those occasionally involved with devices may 
find sufficient information to tackle a difficult evaluation with some degree of con-. 
fidence. We hope, too, that it may prove useful as a textbook in the new depart- 

ments of materials science now at several of our leading universities. 
We would like to express our thanks to Drs. G. R. Cronin, R. A. Reynolds, and 


ix 


x Preface 


G. K. Teal for their critical reading of portions of the manuscript, to David L. 
Carroll and Walter L. Behringer for many of the photographs and drawings, to 
Mrs. Leah L. Childress for typing the manuscript, and to Mrs. Helen L. Clark for 
much of the secretarial assistance. Finally, we must acknowledge the assistance of 
many of our colleagues at Texas Instruments Incorporated with whom we discussed 
several of the- topics. . : 

Philip F. Kane 

Graydon B. Larrabee 


Chapter 1. 


Chapter 2. 


Chapter 3. 


Contents 


POR CWONE ook ooh dhe a Se BE ak td Om be AS Oe EOS Ao tis he es BE ce is VIL 
PVC OCC cctins ee bitin we pins Paes Wee x Lapin pd ke ty Oh he aca oh Gh cach ub eceamis eae alee | 1x 
Introduction 1 
tel. Marly: Development), $cac cnc hee 24S ehhh wb ae Gay oak ROR ale Be ad 1 
1.22 The Germanium Transistor................. Fest Dk, ah pte oR ee eer auae ta 3 
1.3 Commercial Germanium Devices................... OE ee 4 
1.4 Devices from Other Materials... ...... 00.0.0... cee eee 4 
1.5 Integrated Circuits............. Daa tea Aeeisu te dap onee eee nee ee ‘ 5 
1.6 The Role of Materials Characterization...........0.... 0.00.06. ee 6 
REPERENCHS: wrsees nek see dee A Saas aoe ae oe are ae Wee REE HS 8 
Semiconductor Principles 10 
Qiu! ANCPOUUCMO Uys v6, i.d ct yh and dnt cece deo aah be RAND BREA ted ae Benes 10 
2.2 Conduction in Solids...................0. Ee eee a eee ree 10 
Box SUMCREY ASAMGS laa tea isl ag it acardnes wats ma dy hat aela RA Ca eee eae ea 10 
24° ‘Charge Carriers is cigs s.c4o <a sale Snwaw ton wow bake bade See ead Reewe 12 
2.5 Conduction in Insulators.........0.0 00000. e cece eee cee teeny 13 
2.6 Conduction in Metals... 0.000.000. cc ee te ee eas 14 
Oot: ANEODMIGY Skits ei rhs beth Poa aa ee eee eth Ghee eaatises 14 
2.8. Extrinsic Conduction... soiiences £4 oad $54 O60 44 2S COS aw eee ee ees 15 
2.9) “COMpPensa lion; ani bcc pcan vat ky ole de seled nak be bE tae See wee somes 16 
2-10 Density Ot Carriers: = ici: pcw ecw id thaws ee vagina tin ona tee oeer 17 
2.11 Carrier Concentration........0..00 0.0 0c ce ee cn te eee nas 17 
BAD: TAN NIG DU races ade bash 8 eee eee a eal nat alee. Sea we ee See ee Fs 18 
2.13 Measurement of Resistivity and Hall Coefficient.................-.. 21 
DAA NCUIGOS, oN 1.652 dota te aad Bachata eed Go LNG eatin Cae eb ee eee ZA 
ZA Die pin: Junho. Jochdk edad co aa doe he ont eal aha ek ees 22 
“2,40: JUnCbION: TYANBIStON o5: 4 2554S eds bh ood dk de alee Rew eek wees 25 
REFERONCHS 5.2.4.0 a Ras eu Sete eo Seah awe Rule Rea ee PE ae OO OEE & 26 
Bulk-material Characterization Q7 
Gol - AMtPOGUCHION: 0.2. 4.425 x hia pa cect Sa euds Bae ee aes Eee ERS 27 
3.2 History of Germanium................... 0000 ee eee ois bout oe 27 


AVA 


xii = Contents 


Chapter A, 


3.5 The Eagle-Picher Process................. 0000 eee be ate ates fees Bic 
3:6° ‘Germanium from: Coals cousin yoo cdies Fad heed enw hp geek She Phae 
3.7 Belgian Processes... 0.10.0... 0.0 ccc ces ece ce ceeceeucaeueuteeunnes 
3.8 Determination of Germanium in the Recovery Process............... 
3.9 Production of Electronic-grade Germanium........ eee ee eee ree 
3.10 Resistivity of High-purity Germanium................. 2... .00 0 eee 
3.11. Conductivity Type of High-purity Gernaniuin sateen eee re 
3.12 Evaluation of Germanium Dioxide.................. Sada Wad od ns 
3.13 Evaluation of Germanium...............0. 0c eee e ee tee eee tons 
3.14 Analysis of High-purity Germanium and Germanium Diowide 

3.20 History of SiliGon é 254.0628 he de ads Ve SNe od eae autbe Ds xh se owe eee 
3.16 Production of Electronic-grade SHICG Toast a ete es esa ee eee biiee s 
3.17 Analysis of Silicon Chlorides.................. sa a Be cos Rr 
3.18 Evaluation of Silicon. .......... 00... eee Siar aes ante 2 
3.19 The III-V Compounds...... aad ha eee hese ae ah be natn ae 


-8.20° History of Gallium......... 00.0.0 ccc eee ce cence cence enter eennaes 
8.21 Occurrence of Gallium........... 0.0.00 c ce ee cece ee teens 


3.23 Recovery of Gallium... ...5....... 000 ccc cece eee eens are wad 
3.24 Determination of Gallium in the Recovery Process.................. 
3.25 Production of High-purity Gallium...............00. 000 cece eee eee 
3.26 Analysis of High-purity Gallium b Seed phe ay eeu Ge anes ee ean ate Sees 
3.27 History of Indium...... ee re Se aT ee eee ee ae Ee Paes 
ee ee eee si detonaaueeees ial cries an bate 


3. 30 Recovery of Indium............ 0.0... ce ee cee eee sateaeiaies eiuees 
3.31 Determination of Indium in the Recovery PLOCOSS inn. 2.654 Sa eo eae 
3.32 Production of High-purity Indium....................00. EMA eae 


3.33 Analysis of High-purity Indium............... sSops sietca oto setetitecee eee | 


3.34 Production of High-purity Antimony............ ih abuts se ealitus 


3.85 Analysis of High-purity Antimony................ Pee eee a 
3.36 Production of High-purity Arsenic....... Dy deal natal g Sys ae nage eee : 


3.37 Analysis of High-purity Arsenic............... 0.000.000 ee crest etten 
REQERENCHS tJ. iin bisa hig cada Seca eel ea Ge eee eet oonemeas a 


Materials Characterization in Single-crystal Growth 


4.1 Introduction.............. Gai pitched Mansanie staete tinge eet seae ae 
4.2 Crystal-growth Techniques................. Pere eee re re ee 


4.3 Elemental Semiconductors..............0 ccc eee ccc ee cee cue eeeenges 


4.4 Compound Semiconductors........... 0... cee cele teen tweens 
4.5  Dopant or Impurity Behavior........... 0.0.0... ccc cee eee 
4.6 Distribution of Impurities in Grown Crystals. Pe ee ee ee eer Tee 
4.7 Distribution Coefficients...................0.005 Pee ee rr 
4.8 Characterization Problems Encountered with Grown Single Crystals... . 
4.9 Sources of Impurity Contamination....:/........... et anoneNtees 
4.10 Dopant Solubility in a Semiconductor... .. Leh ot ceed aGaliaadue an 


4.11. Constitutional Supercooling during Crystal Growth................. 
4.12 Radiochemical Techniques in the Determination of Peeregenion 


COCTICIONIS 2 4 oie4 re Gated based tae Ge ee 4G. a Sabai Wen hataeoie, Wow alent ee 
4.13 Radiochemical Techniques in the Study of Anisotropic Segregation. eae 
4.14 Impurity Distribution as a Function of Growth Orientation.......... 


79 


85. 


Chapter 5. 


Chapter 6. 


Chapter 7. 


Contents 


4.15 Electrical Techniques........... 0.0.0: cece eee eee ee eee dcaalece Massages 
AIG RESIBUIMIUY 3 cud bo dd on nie dats Gao ee Oba e se eee ets Sears. 


4.17 Mobility and Carrier Concentration............ceseeeeeeeees Maes 


41S: Diiletime s sos ss Che sea has ween es hae wes RO ree eee eee 
REFERENCES sce o- eu kv bee PE WUE RU RAE neo eeee st asc nithin tk gtd 


Analysis of Single Crystals for Chemical Imperfections 


5.1 | PH ELOCG UC EO Te seni sree es ee aaa ech hai Asn dench, oe sew he eadeen de BE es 


5.2. Working with Semiconductor Se 24 desk «ty Ah ceap ehh Sods Siok oes ahh 


5.3 Emission Spectrography.......... 6.2.6.0 eee e eee eee Meer 
5.4 Mass Spectroscopy............. te She ash tite See ear wtih a nin re Gli aaa grt ounks 


5.5 Activation Analysis............. 00... ccc e eee ee ees Sees Ree ee 


5.6 Spectrophotometric Analysis... .... 0.0... 0c c ccc eee ee ee tne nes 
5.7 Fluorimetric Analysis.................. ee ere rere ee be 
5.8 Polarographic Analysis.............. bhi Red eaa B Ate Reinet 
5.9 Other Chemical Methods...... Deas eg Sed Scemiaeiaoe shies bet 
5.10 Infrared Absorptiometry.......... 2.0... ccc cece ee en ett e ene 
5.11 Stoichiometry of ITI-V Compounds.....................045. eta ceGiate 

REFERENCES .534.5 653. ena cw s gat So aaa eee eed eee ree 


6.3 Dislocations.................--65 eee ptaestosee ein tae eA Bet tion tads 
6.4 Edge Dislocations.................06- eich Dipti Male o aie aoe eae 


6.5 Screw Dislocations. ............ 0.0. .c cee eee eee eee eee ee ee eee . 


6.6 Motion of Dislocations................ GME Re Lees ou th iecatare Stele 


Gi (Other Lattice: Waults) cn tick ce hvatinn ease ewe das oe dace tatd deme eee, 


6.8 Crystal Orientation... .......... 0... cece ee ee ee ee ee Ter ae 


6.9 Orientation by X-rays...... UDMA Wien cant wee Beek oe 


6.10 Optical Orientation............ Se ee rere ee ee ee Sb a. Alocuataudl dio 
6.11 Determination of Dislocation Density . eet: ate eure ee nares apt ode 
6.12 Etch Pits....... ee RT eT eee PRE eC a ere ee eee eee 


- 6.13 Additional Information by Etching Techniques. .................... 


G14 DECOCRblON hs hee asso tds She ee ee Oe pula tana Ratan eee a aca 
6.15 X-ray Diffraction Methods...... 0.0.0.0... ccc ee ce te cee teens 
6.16 X-ray Topography............... Susb Gesnatten dod tat ak arehceeethca tro cal gins ata adeno 

REFERENCES sii bre ead heaven eaed re er ee eee eee 


Characterization of Semiconductor Surfaces 


7.1 Introduction.........:........- ee er ee ee eee re 
7.2 Physical Imperfections........ Asides Wingate dD Fe hehe what axes ec aia 


7.3 Infrared Characterization....:...... Bh iti af ee Aa aine, Str tte eed es ede dns, Seeds. fea 


74 X-ray Characterization.........0 0.0.0.0 c ccc ce ec ee teen teens 
LoD). LCM IRAUC « do5 ae ee det Mae pais Seuss darn WAG ee rhe RIS ee eee ds errs 
7.6 Electrical Methods...:........... 0c. ccc eee eee eee cece Be re: 


7.7 Photomagnetoelectric Measurements:................-.0000- rere | 


7.8 Conductivity..........6...-.. eee Gh he Becomes Nie aoa ee aie Ssaiited 


xiv Contents 


Chapter 8. 


1.9. Diode: Reverse Currentin i. 5 dsy2a Scares tenes was ise ie ckdekwisod asls 197 
7.10 Miscellaneous Techniques for Physical Imperfections................ 197 
7.11 Etch Pits Caused by Surface Damage.....-.............. aah ot 198 
7.12 X-ray Topography............... eeaesees Cee ere Perens 198 
1.13. Electron: MicrosCopy «a6 00k 2 secede wee ee Bee aa has ta held aw dB Meee We 201 
7.14 Chemical Imperfections..................5. Pee eee 2... 202 
7.15 Chemical Impurities Deposited from Solution. ee ee Pe a ee eee 202 
7.16 Cation Contamination...... Miah deat hia Geen eaehs ot Aiea Gee eeGee oat 208 
7.17 Anion Contamination................ OT re oes eee 206 
TAS, Organic Contamimation ¢2 4 saciciavswd.aleende ah ia oeSee Ua bowed Raed ys 209 — 
7.19 Electron Microprobe............ 2.0.0.0... cece cee ce teen eee eenes — 210 
7.20 Electron Diffraction..... Stn sed bic aruideacte Pere ere Siac ie Goa ael cae eee ae 214 
Co2L Mass Spectroscopy eaacitiaainns ier tntns eases eee ee er hie 214 
7.22 Electrochemical Potential and Capacitance............6.....00.000. 216 
7.23 Miscellaneous Physical Techniques for Chemical ieperiecccn: sie Gili aod 217 
REPERENCES 365545 w cede daapiaks ee ree hearths ades 217 
Characterization of Epitaxial Films 219 
Sok: . InGrOd deen tsca% eho ble te thanet ak i eat Gee Sa 219. 
8.2 Growth in Closed-tube Systems as ls aia ao alsin er eceaee eats Danae ae 219 
8.3 Growth by Sublimation and Evaporation.....................0005. 220 
8.4 Growth in Flow Systems... 0... 0.0.00... 0 cee ee te tee ees “we, B21 
8.5 Characterization Problems..............-..0.: eT ee eee 223 
8.6: “Piloy Tiekinesseiec! 634-45 oe atlas aus beds iS eating BO ola Cah eae 224 
8.7 Angle Lap and Stain with Interferometry......... See ete eee 224 
&.8 Stacking-fault Defects... ....0000 000 ccc te eet eee eey 225 
8.9 Infrared Interference. ..... 0.0.0.0... 0.0 cee bee eee tee eee ees at “226 
8.10 Infrared Ellipsometry.. 2.2.0.0... 050 cee cee eee re oe 229 
8.11 Film Composition.............. hes he oN ras Parenen COE eee ee et 231 
S12: Xeray Dif rachiOn: cde cory Sti et aOR GS Sa ree Ee Cee eA ORS ae. «©2281 
8.13 Optical Reflectivity .................. aes enbivie ngnis Ta oe Gevak 232 
8.14 Compositional X-ray Topography.........00.. 00... cee eee eee 233 
8.1) -d0leetran: Microprove 25 cwoce tio aida te ease teen ge See Seas 238 
8.16 Dopant Distribution. 0.0.00... 00 cee ee tte en ees 238 | 
8.17 Radioactive-tracer Studies... 0.0.0.0... cc ee ee te ete 238 
SL AChiVation A NaIVGlS c2.o5 ct Sata ae ie ES ese eued eee tea ee aes 241 
8.19 Electrical Characterization........... 00.000 0ee eee eT ee ren 242 
8.20 Poumpoint) Pr00Gr.s:1%s vnc bh ea oe carr oe eee bee e eae heed eowas 242 
8.21 Three-point Probe....... Lise didi Shs te Sas Sn esd ore, tale ents aner ora ale 243 
8.22- TWwo-point:. PTODC) 644002 sda ties fas Seb veke ss eC ee eee ee 245 
S20 £ Used Pont Contacts <ye-c. oo ee Gee Meee hee ededs SS 08 aes eee . 245 
8.24. Differential Capacitante: <i + c518 eatin Pica G lees dfn cn hoes wae. 246 
8.25 Microwave Measurements......... 0.0. cee cee te te eee es -, 247 
8.26 Hall and Van der Pauw Measurements............. 000. e eee eee. 248 
8:27 Anirared Renectivity ick .vsiewioca aaa tadtacdti gab ence eas 249. 
8.28 Physical Imperfections............. Dias ak casteali goede eA ta cox tdeantrar eae os 249 
8.29 Visual Characterization of Surface Defects....................00.5. 251 
$30. Stacking Waiilig.. 3% 2a ver asedamiew aaewsgea tebe eh eee een lesa 252 
8.31 Tripyramid Defects............-.. Pe toe ere eR ee es ee Asis ives Mates 253 
8/32 Oranve Peel ene koi eat Patio Blas hd pane ek wats dene whens Atos mrs . 254 
8.33 Miscellaneous Physical Defects. is Sduiiae Beh ha eee eres Pape iatateren de Soe ds ceeasanas 254 
8.34 Electron Microscopy......0... 02. c eee cee eee e et ee tenes ace, OO 


8.35 Surface Morphology...........  Rareied ds ats penn ning res eer eee 255 


Chapter 9. 


Chapter 10. 


Contents 


8.36 Crystal Structure and Defects......... 0.0... 0c cece ee eens 
8.37 Defects by X-ray Diffraction... 0.0.0... 0.0.0.0... cece ee cee teas 
8.38 Chemical Imperfections... .. 0.0.2... 0.0. cece ce ee te te tent ees 
8.39 Mass Spectroscopy... ........ 0. cece ee ee ee teen teeta nes 
8.40 Neutron Activation Analysis... ........ 2... 000 cece eee eee ere re 

SRE PE RENCES 1 y56.235.0 Caea ewe 6 weete tate eroe we Baten er ae er eee ee 


Diffusion 


Ot “Tatrodvetion...<..5 ~~ ace odxGsld eed he Oh Re Se wh wd 
9.2 Solid-state Diffusion.................. Sd tcue eae leouanass Be Steeda etl icta kere 
9.3 lLimited-source Diffusion................. 0.0.0 cee eee eeeuae Cals 


9.6 Variation of D with Temperature............. eh cleMee Ona God eae ate 
9.7 Variation of D with Time........................ Pe ee ee ae 
9.8 Experimental Methods of Evaluation,...........0....0.05 00008. Gas 
9.9 Angle Lap and Stain.... 2.0.0... ee eee ei maeaaanee 
9.10 Electrical Probe and Resistivity... 0.00.00. cc cc ee ee eee 
9.11 Sheet Resistivity by Four-point Probe. . | 


9.12 Problems Encountered with Other Analytical Techniques: ee ee ae 


9.13 Radiochemical Diffusion Techniques st A Dh Gael ste aver ast. att Gna: sar ance gta 


9.14 Experimental Techniques................. ee eee ee eee 


9.15 Semiconductor Sample Preparation Se ee eT ee ee eee ee ve 
9:16--Difiision: Process: 25. duiscaG ber eanes den caw hiod Hk bad eae ss eA iets 
9.17 Autoradiography.............. 0.0 .0.0005 Pres, Giga. oe ane acn ethos Ess a 
9.18 Determination of Impurity-concentration Diffusion Profile....... : 
Y.19 Mechanical or Hand Lapping. ...........0 0.0.0... ccc eee eee 
9,20 Etch Lapping « :440526% 6 aes bbe heehee dowaes Ph cod te Biel Ghee een Bac 
9.21 Electrochemical Lapping.....................0.: Se eRe y eee ee 
9.22 Radiochemical Counting Techniques............0.0.0 0000-0 cee eee 


9.23 Analysis of Experimental Results........0. 0.000000 ccc cee eens | 


9.24 Data Reduction........... Gist adheres Saute eehee daseatueaet aca decease 
9:25 Data: Anelysis.e. 10 sqlndy wise sein weReees Saks is ee er ee 
REFERENCES. ........ 0000 cee eee eee Re ey Pen eRe Ter 


Characterization of Thin Films 
TOM “Introductions 6c 4donvad cea e ak whee ee ye a seh ae daed Ysa eure eres 
TO:2: 2 Bilin: POrmaiGits oo 2456.06 anew eeial ah daelo ke oot aed bee ee 
10.3 Thermal Growth...... pha darhadedi lec dont apaed aeweans eg eee ananassae 
10:4. -Anodie Growth 465 enh 55 bev ch WRR ec to oe Sha ae ere 4 
10.5 Chemical Deposition...................0005. rat te borne Mig wie et ieee a ate 
10.6 Silicon Dioxide Films...... Haceeachtieataratakicn toate tues Fe) ihe tama aan anes Bane 
LO.:7 - Silicon Nitride: Films: a cecag a ade Seas eles oeetwek a dhwdiee ‘4 
10.8 Reactively Sputtered Films......... 0.0.0... eee eee ees 
10:9: -Hivaporated. Palms ics an ER shoal wander ee Saae wev al da awe Bes autres 
10.10 Characterization Problems.............. Ae ere eae arate ney as nee 
10.11 Film Thickness..................... Burne edt dn tie eee veins 
10.12 Color Charts....... eee ee ee Lpsoda hed da: Sees te ere oe eenee 
10.13 VAMFO...... OT ee ee ee are ir eee rer. 


10.14 Ultraviolet-visible Interference...... oP fahat Reghes ed eT ae re re: | 


xvi 


Contents 


10.15 Ellipsometry............ ete a i w OMe d ae ei kee ete eet Sal 


10.16 Interferometry . BF scest seh BS tectace ar ese cs Gia te Gea Nise AAO a ea A ieee . 3814 
10.17 Stylus Techniques....... eee tee Free rT rene dele Betas e yen bes 3155 
1018. Pin WONSiby Serene ees oe a eee Bea eee ease ee ees ere aes 315 
10.19 Refractive Index... 2.0.0... eee ccc eee tence tee tan eees - 316 
10.20 Refractive Index by Intertarinetisr Terror rere Teiaste ba thavenene Sane 316 
10.21 Refractive Index by Liquids............ Siknaiaa eben cad baees .. 317 
10.22 Refractive Index by Ellipsometry...................4. Rod teh btcatees 318 
10.23 Electrical Evaluation................ bag gee te ete ee ee 318 
10245 Resistivity oc bocanse ecteuaiins Mise ne Guan eee onsen eee ween 318 
10.25 Dielectric Strength, Dielectric Constant, Dissipation Factor. . .. 9819 
10-26 WilincAmia lysis fe x4 dvited dad odds Sisdiod Hind hae ane wales was haven toes 320 
10.27 Chemical Imperfections... 0.0.0.0... 0. ccc cece te cee eee tees 320 
10.28 Activation Analysis......... 0.0.0 c ccc eee e ee cee eee eens ere 320 
10.29 Radioactive Tracers in Film Formation............... amis Dole 
10.30 Mass Spectroscopy...........00 cece ee ee ee eee a cay ad eee ee 
10.31 Infrared Spectroscopy... . i... 0. ccc ce te ee te tte eee ... 824 
10.82 Physical Imperfections............. hoe oek Gite caunenise nele ae cua 325 
10.33 Electrochemical Tests. ... 0.0.0.0... 0. cece ee tee ee center eens 325 
10.34 Electron Microscopy........... BaP ct, Horse d aad eng cena eats 326 
10.35 Etch Rate............. Fr aaah Bota ee bein inite Sead dtema nth tt atie ecco 327 
10.86 Strain Measurements....... ag eee reine ich ate-qare Sere ae 328 
10.37 Analysis of the Film Surface................ saben So Svar dagen . 828 
10.38 Inorganic Surface Residues...........0..0 0c cece cee ee eee eeeeeeee 829 
10.89 Radioactive Tracers in Adsorption Studies............. caer .. 3829 
10.40 Water Contact Angle............... tt iein ee ein we eee Aig xia Wel aes 329 
10.41 Organic Surface Residues..... Dilan we diien ta eieeeeeted ae A .... 830 
REFERENCES s 6 ts e4e2 s05 2 eselans were Pree ane auc Raise eens Gs — 331 
BAUNOP PRUE ooo sce ae stirs Bim ee Fhe Soe Rien cs eR nee s SR RT ee eee 335 


Subject Index........ ee ee eee ee ee re eee re ee Re ee 343 


Introduction 


1-1. EARLY DEVELOPMENT 


A semiconductor is conventionally defined as a material whose conductivity falls 
intermediate between that of metals, 10 to 10° ohm— cm=!, and that of insulators, 
10-2 to 10-” ohm=! em~. This range of 10-° to 108 ohm7! cm is sometimes sub- 
divided at its higher end into a class termed semimetals,; but this is a somewhat 
tenuous distinction. The fundamental differences between these three classes will 
be better described later in. terms of the energy-band theory; however, one dis- 
tinguishing feature of a semiconductor is its increasing conductivity with tempera- 
ture. Metals, on the other hand, decrease in conductivity with temperature. 

This phenomenon of inverse temperature coefficient and the associated effect of 
photoconduction have been known since the last century in compounds such as 
silver sulfide!t and selenium.” In the early days of radio, the detector in all receivers 
was the crystal rectifier, usually a galena crystal, as shown in Fig. 1-1. The rectifying 
contact was made by a so-called ‘‘cat’s whisker,” a fine wire held in light contact 
with the crystal. It required frequent adjustment to find sensitive spots on the 
crystal, and it was displaced about 1925 by the introduction of cheap and reliable 
thermionic tubes. | . 

While the tube almost entirely replated the crystal in communications, in two 
areas semiconductors retained their importance. In 1926, the copper-oxide thin- 
film rectifier was developed by Grondahl,’ and almost simultaneously the selenium 
rectifier by Presser. The selenium rectifier has maintained its position for high 
currents to the present day. | 

Returning to the crystal rectifier, we find that one field in which it was not re- 
placed by tubes was in microwave receivers. .The vacuum tubes designed for this 
purpose were noisy, and this noise increased with frequency. The crystal rectifier - 
was superior in this respect, and development continued in the point-contact diode. 
Southworth and, King® described an early application of the silicon rectifier. The 
first commercial units were made in England by the British-Thomson-Houston Co., 
Ltd., using commercial silicon of about 98 percent purity some time early in 1940. 


{Superscript numbers indicave References listed at: the end of the chapter. 
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“Cat's whisker 


Fig. 1-1. Early cat's whisker rectifier. 


Since radar systems relied heavily on these mixer diodes, considerable effort was ex- 
pended in attempts to improve on these rather erratic BTH units. An important 
step forward was made by the General Electric Co., Ltd., of England, who intro- 
duced, in 1941, the so-called “red dot”’ crystal, prepared from purified silicon con- 
taining a fractional percentage of aluminum or beryllium. This device was able to 
withstand comparatively high electrical loads without deteriorating and was termed 
a high-burnout crystal. The success of this device stimulated other research along the 
same lines. In 1942 Du Pont, working in collaboration with the University of — 


Pennsylvania semiconductor group led by Seitz,* succeeded in preparing silicon of 
better than 99.9 percent purity, and rectifiers peepared from this material were also 


high-burnout devices. | | 
» In 1948, Theuerer’ found that the addition of boron to silicon at about 10 ppm 
resulted in a mixer of improved sensitivity (a mixer is a diode that converts high- | 
frequency signals to lower frequencies, for example, microwaves to radiofrequencies, — 
which can be more readily handled). Boron doping became widely used in silicon 
crystals. te 4 

The importance of these silicon detectors in wartime jai systems piompted a 
search for alternatives, and germanium was studied extensively by a group at 


Purdue University under the leadership of Prof. K. Lark-Horovitz. The discovery 


there by Benzer,® in 1944, that a high-inverse-voltage rectifier could be formed from 


this material especially stimulated additional work on germanium. They found that 


a large number of Lees could be added to the germanium to produce the device 

The ate in 1948 was that semiconductors had a significant but not very inne 
share of the electronics market. Selenium rectifiers were widely used, but silicon and 
germanium were used only in the specialized microwave field. A typical silicon | 
mixer of the period is shown in Fig. 1-2. As can be seen, it really differs very little 
from the cat’s whisker of the 1920s. The crystal is polycrystalline, and the device is 
just a point-contact diode with the whisker vibration damped with wax. Although 
North® had achieved better stability with germanium by using a welded contact, 
most commercial devices were still of the point-contact variety. The effects of 
surface preparation and of doping were little understood, and the manufacture of 
these diodes was as much an art, based on empirical miethoda: as a science. The 
state of the art in 1948 was reviewed in detail in a book by Torrey and Whitmer,” 
and this should be consulted for further details. | 
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1-2. THE GERMANIUM TRANSISTOR 


Semiconductor devices and the phenomenon of semiconduction were subjects ot 
investigation for many years at Bell Telephone Laboratories. A broad and funda- 
mental study of semiconduction was undertaken in 1945 by a group under Shockley. — 
This work culminated in the announcement on June 30, 1948, of the invention of the 
transistor. It was first described by Bardeen and Brattain" in a letter to the Physical 
Review dated June 25 and published in the July 15 issue. Their device was a triode 
version of the point-contact diode, and their schematic is shown in Fig. 1-3. The 
contacts were placed very: close together, about 0.005 to 0.025 cm apart. The 
germanium was the same as that used for high-inverse-voltage rectifiers, and its 
preparation was described by Scaff and Theuerer!.in 1945 and is included in Torrey 
and Whitmer.’ It was a gradient-cooled, polycrystalline n-type material of about 
10 ohm-em resistivity. 

It is difficult to overestimate the importance of this discovery since it heralded a 
new era in electronics. Now, instead of being a curiosity with a very specialized 
application, the semiconductor device invaded the field held until this time by the 
vacuum tube: the field of amplification. Shockley has discussed the events leading 


lL Ve Vo ice 
_- Emitter Collector 


Fig. 1-3. The first transistor. (After 
Bardeen and Brattain.) 
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up to this achievement and pointed out that this was not a chance discovery but the 
direct result of Bardeen’s theory of surface states published over a year earlier. 
Bardeen and Brattain® later gave a fuller description of the development of the 
transistor and a theoretical treatment of its action. 

In July, 1949, a series of papers was published in the Bell System Technical 
_ Journal's which dealt with several aspects of the newly discovered device; in 
particular, Shockley’s paper*! discussed the p-n junction and gave a theoretical _ 
treatment for the p-n-p transistor. This, unlike the first point-contact transistor, _ 
depends for its action on bulk properties.of the germanium rather than surface 
effects. However, its practical development was due in no small part to the prepara- 
tion by Teal and Little” of high-purity single-crystal material. In Shockley’s 
-opinion, “There was probably no more important scientific development in the 
semiconductor field in the early days following the announcement of the transistor 
than the development of high-quality single crystals of germanium.” In late 1950, 
Teal et al.?8 prepared p-n junctions by introducing dopants during the growth of the 
crystal, and the agreement of the junction properties with Shockley’s theory” was 
- demonstrated.% In 1951, Shockley, Sparks, and Teal described the n-p-n transistor 
and its action; in particular, they stressed the difference between this eminently 
controllable device, inasmuch as the carrier concentrations could be controlled, 
and the point-contact transistor, which relied for its action on the contacts between 
the leads and the crystal, an unpredictable phenomenon at best. At the same time, 
‘Wallace and Pietenpol” published data on the performance of a number of experi- 
mental transistors and described their use in a variety of circuits. 

At this point, the modern transistor had been achieved, and it stands as a remark- 
able achievement by Bell Telephone Laboratories, a triumph of interdisciplinary 
research. Shockley, Bardeen, and Brattain received the Nobel prize in 1956 for their 
key contributions to the success of this program, but it was the culmination of years 
of effort that started before the war and was the product not only of the physicists 
but also of the chemists and metallurgists. Without the materials of Teal and others 
there could have been no progress made; they founded a new branch of science, 
materials science, that now occupies centers at many leading universities. 


1-3. COMMERCIAL GERMANIUM DEVICES 


- Although the transistor had been demonstrated and the grown-junction transistor 
developed, the preparation of the material was difficult; impurity levels were hard to 
control. It had been noted by Pearson et al.?” that impurities concentrated in the 
liquid phase of germanium, and this.fact was applied by Pfann® to its purification 
by a new technique: zone refining. This relatively simple technique simplified the 
preparation of material of very high purity and facilitated better control of dopant 
levels. The method was widely adopted by manufacturers, and by 1954 several 
commercial devices were available from RCA, GE, Raytheon, and others. 


1-4, DEVICES FROM OTHER MATERIALS 


The first paper by Bardeen and Brattain! had mentioned that, although only 
germanium was being described for the transistor, the same effect had been noted 
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with silicon. The subsequent emphasis had been on germanium devices since the 
material is easier to grow in good single crystals. However, as early as 1952, Teal 
and Buehler” had reported the preparation of single crystals of silicon with grown 
p-n junctions. The earliest report of a grown-junction silicon transistor appears to 
be in March, 1954, when Raytheon® gave a brief account of such a device, but the 
first production units were reported on by Teal*! on May 10, 1954. He gave detailed 
device characteristics, due to Adcock et al.,= and announced that two types of 
silicon transistor were available commercially from Texas Instruments. 

In 1952, it was pointed out by Welker*® that the III-V compounds (combinations 
of elements of Groups IIJA and VA of the periodic table) were also semiconductors. 
This stimulated considerable effort by many workers on a number of these com- 
pounds, and Welker and Weiss* in 1956 listed no less than 116 references. However, 
development has been relatively slow, and it is only recently that the III-V inter- 
metallics have begun to encroach on the domination of silicon and germanium. New 
developments in silicon are now fewer, and germanium devices are experiencing a 
downward trend. The III-V intermetallics, led by gallium arsenide, while still far 
behind silicon, are being used for varactors, transistors, microwave diodes, light- 
emitting diodes, injection lasers, bulk microwave power devices, and bulk-effect 
integrated circuits; although of these, only varactors, Schottky-barrier microwave 
diodes, light-emitting diodes, and injection lasers are being made in production 
quantities. While the future is bright, the technological problems are formidable, 
and materials characterization must contribute in large part to their solution. | 


1-5. INTEGRATED CIRCUITS 


The integrated circuit is really the outcome of the fusion of two approaches to 
microminiaturization: the printed circuit and the solid-state device. For some time 
prior to 1958, the Diamond Ordnance Fuze Laboratories, along with several other 
groups, had been working on the problem of reducing the size of the conventional 
printed circuits. In the fall of 1958, they sponsored a symposium on this subject, 
and the proceedings were subsequently published.* Several of the papers included 
descriptions of the photolithographic technique for preparing passive components 
(i.e., resistors, capacitors, etc.). In this process, a ceramic substrate is coated with a 
plastic resist which is sensitive to ultraviolet light. On exposure, the resist poly- 
merizes. The unexposed portion can be dissolved i in an organic solvent, and the ex- 
posed pattern remains as a coating. Metal may then be vacuum-evaporated to form 
a layer of any required geometry. This process.can be repeated to build up, for 
example, a capacitor. ? : 

In the same symposium, a paper by Lathrop et al.** described application of this 
same technique to a transistor. The connections to the base and emitter were made 
by stripes through a resist mask; the collector contact was made through the under- 
side to a base plate by.a soldered joint. This must be one of the first introductions of 
an active device into an integrated circuit; however, it was not a true integrated 
circuit but what is termed a hybrid. 

The first truly integrated circuit is due to Kilby, who, in the summer of 1958, 
fabricated a phase-shift oscillator from a single silicon bar. This device i is shown j in 


6 Characterization of Semiconductor Materials 


Fig. 1-4. Kilby’s original _ inte- 
grated circuit. (Photo courtesy of Texas 
Instruments Incorporated.) 


Fig. 1-4. In May, 1959, Kilby wrote a short description®” of the techniques used. 
This device requires no interconnections from one component to another; the elec- 
trical path is through the silicon. It is a true integrated circuit, or, as it is often 
termed, a monolithic integrated circutt. | 

In 1960, Texas Instruments Incorporated announced the earliest product line of 
logic circuits, the SOLID CIRCUIT® Series 51. The technology involved in their 
production was described by Lathrop et al. in May, 1960. It involved the photo- 
lithographic technique described above to form protective oxide masks on the silicon; 
diffusion through the oxide windows to form resistors, diodes, or transistors; and 
deposition of metal through resist windows to form contacts and capacitors. This is, 
essentially, the same process in current use. The patterns have become more com- 
plex and the steps more numerous, but the basic approach is the same. Figure 1-5 is 


an example of the current generation of circuits; the pack is about the same length as 
Kilby’s device. 


1-6. THE ROLE OF MATERIALS CHARACTERIZATION 


Samuel Johnson once said, apropos of a woman preaching, that it was “‘like a dog’s 
walking on its hind legs. It is not done well but you are surprised to find it done 
at all.” In the early days of the transistor, something of the same atmosphere pre- 
vailed. It was such a remarkable achievement that it seemed almost ungrateful to 

demand rigorous specifications. The device had been fabricated from material — 
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Fig. 1-5. A modern integrated cir- 
cuit; a TTL BCD decade counter, 
SN5490. (Photo courtesy of Texas 
Instruments Incorporated.) 


which had been characterized by only one property, its resistivity, but this was 
adequate for the first generation. However, in the late 1950s, increasing sophistica- 
tion in transistor circuitry led to demands by the engineer for closer standards and 
better electrical characteristics. It was in this period that the concept of materials 
characterization was born, although not described as such. The analytical chemist, 
metallurgist, solid-state physicist, and crystallographer, working closely together, 
were called on to help relate the physical and chemical properties to the device 
characteristics. | 

Prior tc 1948, the semiconductor diode was made from polycrystalline material, 
and this fact alone was enough to obscure many of the desirable properties of the 
material. Grain boundary effects were probably overriding, and the effect of chemi- 
cal impurities could not be detected. Most materials that were analyzed at all were 
described as “spectroscopically pure.” In a method described by Rick and 
McKinley® in 1944 and quoted by Torrey and Whitmer,” a method for high-purity 
germanium gave a produet containing 0.2 percent zinc and about.0.05 percent other 
impurities, determined spectrographically. With these sorts of impurity levels, no 
great demands were placed on the analyst. However, with the preparation of single 
crystals by Teal and Little” in 1950 and the introduction of zone refining by Pfann® 
in 1952, the situation changed dramatically, and the analytical chemist was faced 
with a challenge that he has still not fully met. 

Probably one of the earliest attempts to determine a dopant at a realistic level was 
by Smales and Brown,” who in 1950 described a method for arsenic: in germanium 


8 Characterization of Semiconductor Materials 


dioxide; they specifically mentioned that it was carried out as a result of the use of 
germanium in transistors. In the same year, the first work-on diffusion in germanium | 
using radioisotopes was published ;* this is still the preferred method for investigating 
' diffusion when a suitable isotope i is available. Honig*® applied mass spectrometry to 
the analysis of germanium in 1953, but it was Hannay“ who in 1954 designed an in- 
strument specifically to meet the needs of-semiconductor materials research, com- 
bining high sensitivity with broad coverage. In the same year, Hannay and Ahearn“ 
published some results for this instrument, the solids mass spectrograph,.and showed 
that analyses below 1 ppm were possible. In subsequent applications, it was found 
to give sensitivities down to 1 ppb for most impurities in all the semiconductor 
materials of interest. The commercial version of this instrument by Associated 
Electrical Industries, Ltd:, has become almost standard in any laboratory dealing in 
high-purity in terinla. aaa it is difficult to overestimate the importance this machine 
has had in the successful commercial. production of bulk semiconductor materials. 

Since the introduction of integrated circuits in 1960; there has been an increasing 
interest in topographical analyses, concerned not so much with the bulk properties 
as with the surfaces and the thin films deposited on them. This has necessitated a 
reappraisal of the role of the analytical chemist in this field and his relationship to 
other scientists who. are involved in characterizing semiconductor materials. 

The crystal perfection of the substrate and film are of considerable interest, and 
x-ray topography and electron : microscopy must be utilized in detaumiaine this 
property. The film thickness must be measured, perhaps by ellipsometry or by some 
_ other optical method. ‘The distribution of elements in the surface requires an 
electron-probe microanalysis to achieve the scale of the photolithography. In short, a 
wide spectrum of tools, many of them requiring complex instrumentation and skilled 
personnel, must be employed in collaboration with the materials researcher and 
device technologist to advance'the art in this highly sophisticated technology. The 
concept ‘of materials characterization has been clarified recently by a committee of 
‘the Materials Advisory Board of the National Research Council and reviewed most 
succinctly and clearly in their report.** Their definition is as follows: ‘““Characteriza- 
. tion describes those features of the composition and structure (including defects) of a 
material that.are significant for a particular preparation, study of properties, or use, 
and suffice for the reproduction of the material.’ 

It is the object of this book to describe the current state of the art within this 
framework of characterization as it applies to semiconductor materials. It will have . 
become apparent from this introduction that, while a large number of compounds 
and elements are semiconducting, only a relatively small group are of interest to the 
semiconductor industry. This group consists of germanium, silicon, and the III-V 
compounds, more specifically, gallium or indium with arsenic or antimony ; and only 

these materials will be considered in the oo chapters. 
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Semiconductor Principles 


2-1. INTRODUCTION 


To appreciate the problems involved in semiconductor materials research, some 
knowledge of the principles underlying semiconduction is essential. For the reader 
coming fresh to the field, this chapter is intended.as an introduction which hopefully 
will allow him to follow the reasoning behind the research in the following chapters. 
- It is not intended to be a comprehensive review of solid-state physics; for such a 
treatment the reader is referred to books by Dunlap,'!' Kittel,? or Shockley’s 
classic. An excellent, readable, and essentially nonmathematical treatment is 

given by Warschauer.‘ | | | 


2-2. CONDUCTION IN SOLIDS 


Electricity can be conducted through solids by one of two mechanisms: ionic or 
electronic. In a crystal such as sodium chloride, the lattice sites are occupied by ions, 
‘alternately positive or negative, and their positions are governed by electrostatic 
forces acting mutually. Repulsion by like ions is exactly balanced by the attraction 
of unlike ions, and the lattice points are equilibrium positions. Conduction is an | 
electrolytic process, brought about by the migration of ions through the solid. 

Electronic conduction is the commoner method of transfer of electricity and is 
encountered in solids in which the atoms are held together not by ionic attraction 
and repulsion but by coordinate bonding. It is this class of solid which is of interest 
in semiconductors, and the properties of these materials are best described by the 
energy-band theory. 


9-3. ENERGY BANDS 


Consider the electronic configuration of the silicon atom. 1t consists of an inner 
shell (K level) of two electrons, a second shell (L level) of eight electrons, and an 
outer or valence shell (M level) of four electrons. In the usual convention, it is 

Superscript nvabers indicate References listed at the end of the chapter. 
10 


Semiconductor Principles 11 


Energy level No. of states 

3d es 10 

4p nee 6 

4s Sa Me TS ae NS Te ee ey 2 
Fig.2-1. Energy-level diagram for 3p. ———-@____@-—_—- 6 
silicon. 

35 ———_@—-®_—__ 2 

2p —@—@_0_o ee 6 

2s —_@___——_-@—-- 2 


Is —_——_@__C_@—_- 2 


described as 1s?2s?2p°3s3, and its energy-level diagram is shown in Fig. 2-1. This. 
represents the situation when the silicon atom is at an infinite distance from other 
atoms. Suppose we now start bringing this closer to other silicon atoms. At some 
point, the outer shells begin to overlap and the energy levels shift slightly. Since a 
number of atoms are all mutually interacting, the effect is to split the energy level 
into a number of closely spaced energy levels termed a band. The situation is then 
similar to that shown in Fig. 2-2. At infinity, the levels are all identical. At about 4. 
A, the 3p and 3s levels begin to interact, and a number of sublevels are generated to 
form bands. At about 2.5 A, the two levels overlap and then separate again into two 
bands. This is the point at which the bonds are formed and the electrons drop into 
the lower band. At distances close to zero, the inner shells interact, but for our 


Fig. 2-2. Energy-band structure 
- for silicon. 
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Distance through the crystal 


_ purposes this can be ignored and they are not shown in this diagram. For a sili- 
con crystal under normal conditions of temperature and pressure, the interatomic 
distance is 2.34 A, and at this distance the band structure will be represented by 
the vertical line drawn through this point or, by using distance through the 


_ crystal as the abscissa, where the interatomic distance is constant, by the conven- - 


tional energy diagram of Fig. 2-3. The two bands contain four quantum levels each. 

The lower band, which is filled, contains the four valence electrons and is therefore 
- termed the valence band. The upper band, which is empty, is termed the conduction 
band for reasons which will soon become obvious. They are separated by the for- 
bidden gap, that is, a band in which no quantum levels can exist. | 


9-4. CHARGE CARRIERS 


The energy-band diperanh of: silicon represents the condition of the solid in its 
ground state, that is, at absolute zero. The conduction band is completely empty. — 
If we consider a ae encnuion representation, the silicon lattice will look like — 
Fig. 2-4. All the electrons are in the valence state; or, put.in another way, each 


: Fig. 2-4. Silicon lattice in the ground state. 
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Fig. 2-5. Silicon lattice in the excited state. 


silicon atom is bonded covalently to four other silicon atoms. There are no free or 
conduction electrons since all the available electrons are bound firmly to atom sites. 
Suppose, however, we supply energy to the lattice, either as heat or as light. Then 
some electrons will receive enough energy to sliow them to jump the forbidden gap 
and enter the conduction band. For silicon,.the forbidden gap is 1.1 ev. The posi- 
tion then is as shown in Fig. 2-5. These conduction electrons can move very readily 
from one atom to another and in effect wander through the lattice at random. If an 
electric field is applied to the lattice, the movement will cease to be random. Elec- 
trons will move against the field; that is, they become directional and a current flows. 

It: follows that if an electron jumps from the valencé to the conduction band, it 
must leave a vacancy in the valence band. In other words, some bonds must be short 
an electron. In Fig. 2-5 these bonds are shown as single bonds. Under the influence 
of an applied field, the electrons move from negative to positive. It follows that 
since the single bonds represent a deficiency of electrons, they will appear to move 
with the field; that is, they act as positive charges. These positive charges are 
~ termed holes. — 

Conduction of the type described, in which the current is carried by electrons and 
holes derived only from the silicon atoms and not from any foreign atoms, is termed 
intrinsic conduction. The electrons and holes are collectively termed charge carriers. 
It is ‘apparent that the more energy is supplied, the more charge carriers are gen- 
erated. This explains one of the characteristic properties of semiconductors: their 
decreased resistivity with temperature, the so-called “inverse temperature co- 
efficient.” ! 7 


2-5. CONDUCTION IN INSULATORS 


An insulator has an energy-band diagram essentially identical to that for a semi-— 
conductor. Its valence band is filled and its conduction band empty. It differs in 
that the forbidden gap isso wide that thermal energy cannot excite eens ACTOSS 
it. No charge carriers result. 
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2-6. CONDUCTION IN METALS 


For metals, the valence band is not completely filled. This is due to an overlap of — 
two or more energy bands. For example, if in Fig. 2-2 the 3s and 3p bands, instead 
of separating immediately after overlapping, had continued as a combined band, we 
would have had a valence band with eight quantum states, only four of which were 
filled. In such a case, electrons can move very easily since there are quantum levels 
- very close to the lowest ones. Very little energy:is necessary for them to move from 
one atom to the next, and essentially all the valence electrons are available for con- 
duction. However, conduction in this case is through the valence band. The 
conduction band, which in our hypothetical case would be the 4s, is always empty. 

For metals, the number of electrons carrying the current is so high that the re- 
sistivity is essentially independent of temperature. The temperature coefficient is 
_ governed in this case by the mobility. 


9-7. MOBILITY 


If an electron in a vacuum is subjected to an electric field, it is accelerated linearly, 
and its velocity at any time is governed by Newton’s laws of motion. In a solid, 
however, it suffers many collisions, and its resulting motion is random in all direc- 
tions except that it will tend to move against the field. Although its movement is 
erratic, the force acting on it will eventually move it toward the positive terminal. 
This drift mobility is defined in terms of the velocity per unit field, 1.e., 


Drift mobility up = 2 
where Up = average velocity of electrons, cm/sec 
E = applied field, volts/em 

Thus, the units for up are Square centimeters per volt per sec. Since current can 1 also 
be carried by holes, the mobility can equally well be applied to all charge carriers. 

As the temperature increases, the electrons travel faster. This would tend to 
suggest that the mobility increases, but in fact the reverse is true since the electron 
suffers many more collisions in unit time. Moreover, the atoms with which it is 
colliding are vibrating more, also tending to increase the number of collisions: The 
net result is that mobility decreases with temperature, and it is this fact that leads 
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to an increase in resistance with temperature for metals. In semiconductors, this 
effect is generally not enough to overcome the increasing conductivity brought about. 
by the transfer of electrons to the conduction band. 


2-8. EXTRINSIC CONDUCTION 


In Sec. 2-4, the charge carriers were described as either electrons or holes, and in 
the.case of intrinsic conduction were derived from the semiconductor material only. 
It follows that for a perfect crystal, the number of holes and electrons are equal. 
Suppose, however, we substitute for a silicon atom in the lattice an arsenic 
‘atom. The position will be as shown in Fig. 2-6; four of the arsenic bonds will be 
used to satisfy the surrounding silicon atoms, but the fifth bond will be in essence a 
free electron. Its energy level will be close to that of a conduction electron, and it 
will readily function as such. In terms of the energy diagram, the electron energy is — 
in the forbidden gap, as shown in Fig. 2-7. The impurity level is a distance Ea, the - 
activation energy, below the conduction band; and since this is significantly less 
than the energy necessary to. cross the gap, such an electron readily contributes to 
the conduction band. Since it donates an electron to this band, such an atom is 
termed a donor. 


Suppose, instead of arsenic, we substitute edn in the silicon lattice. Then the 
situation is as shown in Fig. 2-8, where one bond is unsatisfied. This represents a 
site which can readily capture an electron, an energy level considerably lower than 
the conduction band. In terms of the energy diagram, the situation is as shown in 
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Fig. 2-9. The activation energy H, necessary to raise an electron from the valence 
band to the impurity level is very much less than that necessary to cross the for- 
bidden gap. Consequently, holes are generated. very much more readily. Since this 
impurity level readily accepts electrons, atoms with this property are termed 
acceptors. | 

Donors, which generate electrons, are termed n-type impurities. Rccentas which 
generate holes (or positive siinnces), are termed p-type wmpurittes. Conduction 
_ which is chiefly due to either acceptors or donors is termed extrinsic conduction, and 

it is this phenomenon which allows the properties of semiconductor materials to be 
tailored to device parameters. 

In tailoring these extrinsic materials, dopants are added so that substitution of 
one atom in the lattice generates one electron or one hole, and a correspondence is 
assumed between dopant concentration and carrier concentration. In semicon- 
ductor materials, therefore, it is conventional to refer all impurity. concentrations to 
an atoms per cubic centimeter basis rather than to the weight-weight basis familiar 

‘to chemists. The relationship between these two is given by. the expression 


M X 10° | 


Parts per billion = atoms/ cm? X = AxXd 


where M = atomic weight of impurity | 
A = Avogadro’s number 
d = density of bulk material : 
As an ‘example, for boron, a p-type dopant, in silicon at a level of 10¥ atoms/ cm}, 


M = 10.8 , 
A = 6.0 10” 
d = 2.4 
oe | 10.8 x 10° 
1.€., boron content = 10“ X 60 xX 10% X 2A 
= 0.75 ppb 


9-9. COMPENSATION 


If both donors and acceptors are present in the material, the energy diagram will 
be a composite of Figs. 2-7 and 2-9, as shown in Fig. 2-10. In this case, the donor 
electron will drop to the acceptor level and will not be available as a current carrier; 
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the donor is said to be compensated by the acceptor. If the number of donors and 
acceptors were equal, intrinsic material would result, but in practice an equal num- 
ber is almost impossible to achieve. One species will predominate, and either n- or 
p-type material will result. If a donor is present to a greater degree, electrons will be 
dominant and the material will ben type. The majority carrier will be the electrons. 
Conversely, if an acceptor predominates, the holes will be the majority carrier and 
the material is p type. | 


2-10. DENSITY OF CARRIERS 


~ For an intrinsic material at any particular temperature, it is apparent that, within 
the limits of statistical probability, there will always be the same number of electrons. 
‘in the conduction band and, by corollary, an equal number of holes in the valence 
band. In point of fact, it can be shown by Fermi-Dirac statistics that the product of 
these two values is always a constant at any one temperature, Le., 


np = const 


where n and p represent the number of electrons and holes, respectively. The condi- 
tions entirely analogous to that of pure water, where - | | 


[H*][OH~| = const 


dependent only on temperature. It is an equilibrium constant, and the law of 
mass action applies. For water, this constant is 10“, and if we increase [H*], we 
must decrease [OH]. Similarly, for silicon at 300°K, the constant is 2.6 * 107 cm~*, 
and if we increase n by the addition of donors, we automatically decrease p. This 
constant gives us a means for determining the minority-carrier concentration if the 


majority-carrier concentration is known. 


2-11. CARRIER CONCENTRATION 


It is obvious that the conductivity of a semiconductor depends on two properties, 
the number of charge carriers and the mobilities, again entirely analogous to the 
transport of electricity through an aqueous solution. It is very simply expressed as 


o = NELn + PeKp 
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where n, p = number of. aiscteons and holes, respectively 
| _e = charge on electron 

ny Mp = rift mobility of electrons and holes, respectively | 
In practice, the material will be either n or p type, that is, either n or p will be large _ 
and the other correspondingly small. In the case of n-type material, the expression 
will reduce to 


o = NEn | 


Since o (or its reciprocal, resistivity) can be measured, we can determine the number 
of majority carriers if the drift mobility can be-determined. 


9. Lae HALL MOBILITY _ 


It i is possible to determine drift mobility by generating electrons pia holes) by 
exposure to light. The electrons are drifted down a length of the material under the 
influence of a field of known strength, and their arrival at some point detected by a 
collector. If the light is attenuated by a shutter, the time between the light exposure 
and the arrival of the electrons at the collector can be used to determine the drift. 
mobility. 

In practice, it is usually more convenient ne determine a mobility termed the Hall 
mobility. For silicon and germanium, these two mobilities are approximately equal. 
If a charge moves in a magnetic field, then it experiences a force acting at right . 
angles to both its direction and the direction of the magnetic field. This is the well- 
known left-hand rule, or motor rule, for the force exerted by a magnetic field on a — 
conductor carrying a current. If the thumb and first and second fingers of the left 
hand are made mutually perpendicular, and if the forefinger indicates the direction 
of the magnetic field and the second finger the direction of the current, then the 
thumb indicates the direction of the resultant force. Since the conventional current 
flow is from high to low potential, this is-also the direction of movement of positive 
charges. 

If we now consider the carriers in a semiconductor, hey will move ander the in- 
fluence of an electric field: electrons against the field, holes with the field. If we | 


Magnetic field. A 
into paper | 


Fig. 2-11. The Hall effect. — 


Electric field 
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apply a magnetic field at right angles to the electric field, an additional vector will 
be introduced. Instead of traveling straight toward the ends of the bars, the elec- 
trons or holes will also move in a direction mutually perpendicular to the two fields. 
They will take paths shown by Fig. 2-11. Both holes and electrons will move trans- 
versely in the same direction since, although the action of the magnetic field is re- 
versed, the motions laterally are in opposite directions. A space charge builds up at 
the lower surface, and at equilibrium an electric field is set up across the crystal 
such that its magnitude and direction balance the space chargé and the charge 
carriers flow straight through the crystal: If we connect a potentiometer across this 
field, i.e., at A and B, the polarity will indicate whether holes or electrons are the 
cory carrier, and the magnitude of the potential difference will indicate the Hall 
field induced. 7 
As might be expected, the force exerted on the charge is proportional to the mag- 
netic field and to the electric field and the velocity of the charge. In fact, these last 
two are related — the stronger the field, the higher the velocity for any particular 
crystal — and this is the relationship used to define mobility in Sec. 2-7, i.e., 
UD 


KD = E 


If we consider the condition necessary for charge carriers to move undeflected 
through the crystal, then the Hall field Hy must exactly compensate the force . 
exerted by the magnetic field; i.e., for any charge carrier 


eHy = evpH 


where e = charge on electron | 
Up = velocity of charge carrier 
H = magnetic field 


or Ey = vH 


I 


The Hall voltage will depend on the Hall field and the distance across it, 1.e., 


By combining these various equations, it can be seen-that 
Hall mobilit ue 
all mobility ba = FG 
or, since 
Y. 
seat 
where V, = applied voltage _ 
l= length of bar 
3 _ _ Val 
eH V.Hd 


Since all the parameters on-the right can be measured, the Hall mobility can be 
calculated. 
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In practice, it is more usual to measure the current through the bar rather than the | 
applied voltage. The equation relating Hall voltage with the velocity of the electron 
was based on the forces on any one charge carrier. However, Ey must also depend 
on the number of charge carriers moving through the bar, i.e., pt 


E x= R mH 
where ¢ = current density | 7 
Ry = a proportionality constant called the Hall coefficient 


Now | | | i= 


and | | [= 


Combining, 


But | : fame 
sothat =»s—s> Ry = Be 


Returning to 


we can write this alternatively as 


aaa 6 

All the parameters on the right can be measured, and this is the usual method for 

determining the Hall coefficient. The value above would be in electrostatic units;. 

in practical units | | 

| Vuw X 108 
IH 


where Vz is in volts, w is in centimeters and is the width in . the direction sf the 
magnetic field, J is in amperes, and H is in gauss. The value is conventionally 
negative for n-type and positive for p-type material. 

In Sec. 2-10, we saw that 


“a mn em?/ coul | 


o = neup 
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where m = number of carriers 
Mp = drift mobility 


If pp = aH 


| then Ru = a 


ne 


Since ¢ is the charge on the electron, 1.6 X 10~ coul, n, the Peete density 
per cubic centimeter, can be calculated. 

Determination of the Hall coefficient and resistivity will give the majority-carrier 
density and the Hall mobility. | 


9-13. MEASUREMENT OF RESISTIVITY AND HALL COEFFICIENT 


The commonest method for measuring resistivity is by the four-point probe, and — 
this is described in more detail in Sec. 4-16. Four equidistant contacts are pressed 
against one surface. Across the outer two a voltage is impressed sufficient to main- 
_tain a flow of current J. The potential difference V between the two inner probes is 
measured with a potentiometer. Then it can be shown! for the resistivity p that 


eae aie 
where a is the spacing between the: pebes: 

The Hall coefficient may be measured on a specially prepared bar by making 
contact to the two sides and two ends of the bar. A magnetic field, say 2,000 gauss, is - 
passed through the bar perpendicular to the length and the plane of the Hall con- 
‘tacts. By measuring the current through the bar and the voltage induced across the 
Hall contacts, the Hall coefficient can be calculated by means of the equation given 
in Sec. 2-12. 

In practice, several difficulties arise. One is due to the misalignment of the Hall 
contacts; even without a magnetic field a voltage difference will be detected. More- 
over, passage of the current causes heating, and thermoelectric potentials are 
generated. These factors can be overcome to some extent by reversing the current 
flow and magnetic field direction in turn. The four measurements are combined to 
give a mean value. Alternatively, the magnetic field and current can be altered at 
different frequencies. In either case the Hall voltage can be deduced free from inter- 
fering potentials. The procedure is given in detail in Sec. 4-17. 


2-14. LIFETIME 


One other important property of a charge carrier is its lifetime. As a charge 
wanders through the lattice, there is a finite probability that it will meet a charge of 
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the opposite sign. and iccaoni bane For majority carriers, this ae sahility: is very 
small; but for minority carriers it will be very high, that is, their lifetime will be | 
short. When excess carriers are generated by, say, light, then the disappearance of 
the excess minority carriers follows the usual decay pattern. The number decaying 
_ during a period dt is proportional to the number.n present at that time. ee is an 
- exponential decay: | 


‘where 1 /t iva constant. Alternatively, this may be written as 
n = neti em-3 


Ifrfs ot then. n is 7 /e that of mo; or 7, the lifetime, is the time for. the number of 
carriers to decay to 1/e of its original value. on 

Lifetime can be measured by the same method described for drift mobility in Sec. 
2-12. In this case, the shape of the carrier pulse as it arrives at the Eee can be 
used to calculate the lifetime. | : 

This property is important.in many device spud: ons, ern in transistors, 
and is drastically modified by both physical and chemical defects 3 In the erystal. It 
Is discussed i in detail i in Sec. 4- = | 


945. THE p-n ees 


Ifa region of n-type material i is made to adjoin a region of p-type material in tlie. _ 


same crystal, then.a p-n junction 1s formed at the boundary. This i is 3 an extremely 
important element in semiconductor technology. — | | 
Initially, the two regions may be represented by. the diagram of Fig. 2-12. The 
circled charges represent the ionized donors, in the case of the n-type, or acceptors, 
in the case of the p-type material; and. the uncircled charges represent the majority 
carriers. Since each material is electrically neutral, the charge carriers will equal the 
: ionized dopants i in each region. As the carriers move around the crystal, however, 
some holes will enter into the n-type region and some electrons into the p-type 
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©+ Or © @- ©- ©- | Fig. 2- 12. The p-n junction—initial condition. (After : 
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Fig. 2-14. Potential distribution across the p-n junction. 
(Adapted from Warschauer.*) 
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region. In either case, they will then be minority carriers and their lifetimes will be 
very short. Recombination is very readily achieved; in fact, a region at the bound- 
ary, called the transition region, rapidly becomes depleted of carriers, as shown in 
Fig. 2-13. 

Although the transition region is devoid of carriers, it does contain ionized 
dopants which are now no longer neutralized. Consequently, a.charge double layer 
is set up which gives rise to a potential difference, as shown in Fig. 2-14. This 
effectively prevents any further movement of electrons into the p region or of holes — 
into the n region. An equilibrium is set up dependent on the number of charge 
carriers in each region, their mobilities, and their lifetimes. In order to inject 
minority carriers into one or other region, an outside potential must be applied to 
overcome the effect of the potential difference across the transition region. If the 
potential difference is removed by making the n region negative and the p region 
positive with an applied voltage, the carriers will cross the transition region easily 


1 


Forward bias, 


Fig. 2-15. Current-voltage curve 
or a p-n junction. 
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and a current will flow. This is termed biasing in the forward direction. Conversely, — 
if the n region is made positive and the p region negative, the potential difference is 
increased still further, making it. even. more difficult for the carriers to cross the 
transition region. This mode is termed reverse bias.. The overall current-voltage 
curve is shown in Fig. 2-15. The small current in the reverse-bias mode is due to the 
thermally generated minority carriers which are always present in each region and 
which, of course, find the potential difference favorable to their transfer across the 
transition region. At higher voltages in reverse bias, breakdown sets in. 

_ The p-n junction can also be described in terms of the energy-band structure. 
Before doing this, we must introduce a new concept, the Fermi level. This is defined 
as that energy level which, if it existed, would have a 50 percent probability of being 
filled. In semiconductors, it is not usually a real energy level; it is purely a statistical 
concept. If we consider a pure intrinsic material, then at absolute zero the valence 
band would be 100 percent filled, the conduction band 0 percent filled. If the for- 
bidden gap were nonexistent, that is, if all energy levels between the valence and 
conduction band existed, then the energy level which would have a 50 percent — 
chance of being filled would be halfway between the two bands. This is the Fermi | 
level, and the fact that it cannot exist since it is in the forbidden gap does not in- . 
validate its use; it is a probability concept. Donor and acceptor levels do exist, 
although they are in ane forbidden gap, because they are not in the same system as 
the intrinsic material. 7 : 

If we add donors to a material, this increases s the aunts of electrons in ie con- 
duction band.: The probability that higher energy levels will be filled is inereased, — 
and consequently the Fermi level is raised. Conversely, if acceptors are introduced, 
a level just. above the valence band is filled and the probability increased for levels 
being filled at lower energies. In this case the Fermi level is lowered. Sonera 
p-type material has a low Fermi level, n-type material a high Fermi level. 

In considering the p-n junction, the Fermi level must be the same on both sides of 
the junction. If it were not so, electrons in different areas of the same crystal would 
have different energies. This would obviously be an unstable situation which would 
rapidly equalize, and the result would be that which we predicated: the Fermi level 
would be the same throughout the crystal: However, if the Fermi level is the same. 
_ across the crystal, it follows that the band levels in the n- and p-type regions are not. 
Consider the energy bands for n-type and p-type materials shown in Fig. 2-16. 
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As we have already seen, the Fermi level in the n-type material is higher than that in 
the p-type. Now suppose we make a p-n junction between these two materials. 
The Fermi level must be the same on both sides, and it follows, as shown in Fig. 2-17, 
that the energy bands in the p region must be higher than those in the n region. A 
- smooth gradation is assumed at the boundary to form the transition region. Since 
electrons tend to lower energy levels (and conversely holes to higher levels), there 
will be no movement of majority carriers across the transition region. 

If we apply a voltage across the junction, in the forward direction, we are supply- 
ing energy which will enable many electrons, or holes, to overcome the energy barrier 
represented by the transition region. In terms of the energy band, we raise the whole 
energy diagram of the n-type region relative to that of the p-type, as shown in Fig. 
2-18, where V represents the applied voltage. There is now no energy barrier to the 
diffusion of majority carriers across the transition region, and current flows. Con- 
versely, if we make the n-type region positive, the energy diagram of the n-type 
region is lowered relative to the p-type, and the energy barrier is increased. 


9-16. JUNCTION TRANSISTOR 


The current-voltage curve shown in Fig. 2-15 is characteristic of a diode, and it 1s 
easy to see how rectification can be obtained by such a device. With an alternating 
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Emitter | Base Collector 


Fig. 2-19. Amplification by the p-n-p 
transistor. (After Warschauer. 4) 


current imposed across the device, the applied voltage varies sinusoidally from re- 
verse to forward bias. In the reverse mode, no current passes; in the forward mode, 
there is no barrier to current flow. A half-wave rectification results. The diode is 
said to have low impedance in forward bias, high impedance in reverse bias. 

Let us make a structure with two p-n junctions, as shown in Fig. 2-19, and connect 
it in an external circuit. The region on the left is forward-biased, and holes are in- 
jected into the n-type center region. Since this acts as a source of holes, this region | 
‘is termed the emitter. The center region is common to both parts of the external 
network and is termed the base. If the lifetime of the holes is long enough and the 
base narrow enough, almost all the holes injected from the emitter to the base will 
travel across the base as minority carriers and, since the other junction is reverse- 
biased, drop easily into the right-hand region, which for this reason is termed the 
collector. 

What this means is that the same current passed by the emitter will also be passed 
by the collector. However, the emitter-base junction is of very low impedance, so — 
that the voltage necessary to pass this current is comparatively low. On the other 
hand, since the collector-base junction is reverse-biased, this is of very high im- © 
pedance and for the same current will require a very much larger voltage. This is. 
the basis of the use of the p-n-p transistor as an amplifier. 

The n-p-n transistor works on exactly the same principles. The emitter and 
collector are n type with the base p type, and the poy of the external circuit 
is reversed. | 
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Bulk-material Characterization 


3-1. INTRODUCTION 


In reviewing the development of semiconductor devices in Chap. 1, it becomes 
apparent that the rock on which so many efforts foundered was poor material. The 
erratic and frustrating course of many experiments can, with the usual advantage © 
of hindsight, be attributed directly to either impure material or polycrystallinity or 
both. In the early 1940s, the importance of impurities in the raw material began to 
be appreciated, and this dates the beginning of real progress in semiconductors. 
Today, highly purified material, containing less than a few parts per billion of the 
electrically active elements, is routinely used as starting material. It presents 
problems to the analyst which are solved by classical. methods only with consider- 
able difficulty—if at all. Consequently, physical methods, many of them unfamiliar 
to the chemist, have been widely aEDe to the evaluation of semiconductor 
materials. | 

This chapter describes the methods used for preparing and sian eee bulk 
materials. In some cases, single-crystal material results directly in this production, 
but usually polycrystalline material is obtained. Methods for growing single 
crystals from this bulk material will be described in Chap. 4. The recovery and 
preparation of the purified elements have been included since this provides useful — 
background, indicating likely impurities and providing a framework for inter- 
pretation of results. 


3-2. HISTORY OF GERMANIUM 


The element germanium was predicted by Mendeleev in 1871 from his periodic 
table and discovered by Winkler in 1886 in the mineral argyrodite. For half a 
century after that it remained very much a scientific curiosity, although its prop- 
erties were studied extensively. In 1935, studies were begun at the Eagle-Picher 
plant in Henryetta, Oklahoma, on the recovery of the element from its zinc smelting | 
operations, and in 1941 a pilot-plant production of 99.9% germanium oxide was 
achieved. The process has been described by Thompson and Musgrave." At that 


+Superscript numbers indicate References listed at the end of the chapter. 
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time, there was no commercial application of this material; but in 1942, in view 
of the importance of the rectifier in radar, the National Defense Research Council 
initiated a search for a substitute for silicon. A group at Purdue University began 
a study of germanium, and this was greatly facilitated by the availability of the 
relatively pure oxide from Eagle-Picher. Further work at Bell Telephone Labora- 
tories,2 Du Pent,’ and General Electric! resulted in the preparation of a high-purity 
germanium with a resistivity of the order of 10 to 20 ohm-cm. This quality material 
was used. to produce high-inverse-voltage germanium rectifiers and in 1948 led 
to the transistor. 
_ Germanium transistors are still significant in the entertainment field, and they 
are likely to hold an important segment of the market for some time to come. 
However, they are being replaced steadily even in this field; and in the more 
- sophisticated devices, including integrated circuits, germanium 7 only rarely used. 


3-3, OCCURRENCE OF GERMANIUM 


Germanium occurs as a minor constituent of a number of ores.*:® Argyrodite 
(4Ag.S—GeS.) occurs in Germany and contains about 6-7% of the metal. Germanite . 
(7CuS-FeS-GeS,) containing 5-10% Ge and renierite (a complex sulfide of Cu, Fe, 
Ge, and As). are both found in Africa, associated with zinc ores. None of these 
minerals has been found in sufficient quantity to be of significance commercially, — 
and most of the supply of germanium is obtained as a by-product from other smelt- 
ing operations. Many zinc ores contain amounts of germanium up to about 0.01%, 
and this can be recovered during the treatment of the mineral. The first commercial 
source was developed by Eagle-Picher as a by-product from their zinc smelting 
operations at Henryetta, Oklahoma, using Tri-State sphalerite; this is a zinc 
sulfide found in Missouri, Oklahoma, and Kansas and contains 0.005-0.015% Ge. 
~The development of this production method has been described by Thompson and | 
Musgrave.' Germanium has been found in trace amounts, not more than 0.003% 
Ge, in some coals, and a process for its recovery from flue dusts is described by Powell 
et al.’ “Currently, the most important source is from the zinc. mining operations in. 
Africa.? The zinc-copper ores at Tsumeb, Southwest Africa, contain 0.015% Ge, and 
oxide recovered from this is marketed by the Tsumeb Corporation. The zinc-copper _ 
deposits in Katanga, Democratic Republic of the Congo, contain about 0.01% Ge, 
and germanium oxide from this source is marketed by the Union Miniere de Haut- - 
ee 


3-4, DETERMINATION OF GERMANIUM IN MINERALS | 


The literature relating to the determination of germanium in ores, coals, flue | 
dusts, etc., is extensive, reflecting the considerable interest in this element in 
recent years. In eect the approach to the pieces has been along two lines: 
spectrographic and colorimetric. 

The most authoritative procedure for the emission  spectrographic determination 
is given by Musgrave.’ The powdered sample is mixed with a buffer of 2 parts | 
lithium carbonate and 1 part graphite and burned completely in the arc. Lithium is 
the internal standard, and the matrix for the standards is a mixture of oxides and 
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rears a 
sulfides chosen to be applicable to both minerals and coal ashes. The range of this 
method is 0.002 to 0.1 percent with an accuracy of 10 percent. For coal, the sample 
is ashed prior to analysis. Waring and Tucker® have shown no detectable loss of 
germanium when samples were ashed at temperatures as high as 1000°C. However, 
germanous oxide does seem a possible product during combustion, and-since this 
sublimes at 710°C, a temperature below this would seem preferable. Musgrave® 
prefers to ash at considerably lower temperatures; his experience leads him to the 
procedure of 2 hr at 200°F, 2 hr at 400°F, 2 hr at 600°F, ‘and 121 hr at 800°F is 
-recommended. The result is a carbonaceous ash which can be used for spectro- 
graphic analysis. 

More recent work by Menkovskii and Aleksandrova” on several varieties of coal 
suggests that germanous oxide can be oxidized at the lower temperature, after 
which no germanium is lost They recommend an increase in temperature of 

3.5°C/min over 3 hr to 500°C, followed by 30 to 60 min at 700 to 800°C. For most 
work, this is probably Crnernes since it 1s reasonably fast and gives a noncar- 
ouateots ash. 

A variety of reagents hate been used for the colorimetric determination of 
germanium, including molybdenum blue, hematoxylin, gallein, and quinalizarin ; 
but the most widely used, because of its selectivity and high sensitivity, is phenyl- 
fluorone (2,3,7- phy droxy0-pheuyi-6-AuGE one). It was first applied to the analysis 
of flue dusts, coal, and coke by Cluley." For all these colorimetric procedures, the 
sample must, of course, be rendered soluble; and, usually, a preliminary separation 
of the germanium is necessary to remove possible interferences. Some sulfide 
minerals may be treated with acids to extract the germanium; Schoeller and Powell” 
recommend the use of nitric acid for germanite and blende, and Strickland" used 
phosphoric acid for a variety of germaniferous ones. However, the presence of 
even small amounts of chloride can lead to the loss of volatile germanic chloride, 
and the safest method is to use a fusion, which is required in any case for flue 
dusts and coal ash. Alkali fusions with sodium: carbonate, hydroxide, or peroxide 
have been variously recommended. In general, sodium peroxide fusion can be used 
for all these materials with no loss of germanium.® For coal, ignition mixed with 
sodium carbonate was recommended by Cluley" and Schoeller and Powell;!? 
however, it seems simpler to ignite first, as suggested by Musgrave,® and then fuse 
with a more alkaline mixture. After fusion is complete, the cooled melt is leached 
with hot water, then made about 6 N in hydrochloric acid. Germanium chloride is 
separated either by distillation or by extraction with an organic solvent, usually 
carbon tetrachloride. Arsenic is the only element that will accompany germanium; 
but since this does not interfere in the phenylfluorone method," its presence is not 
significant. Detailed procedures for this determination are given by Musgrave® and 
also by Sandell.“ Its sensitivity is given as 1 ppm. 


3-5. THE EAGLE-PICHER PROCESS 


In the process described by Thompson and Musgrave,' the ore is concentrated by 
a flotation process, and the resulting zinc sulfide contains about 0.01% Ge. This is 
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roasted to give a crude zinc oxide with evolution of sulfur dioxide. The roasted 
ore is then sintered with a mixture of coal and salt; at this stage the germanium, 
together with cadmium, lead, and some other eae is volatilized as the chloride 
and condensed and collected in an electrostatic precipitator. The fume is leached 
with sulfuric acid and the lead filtered off as the sulfate. Zinc dust is added to the 
filtrate in sufficient amounts to precipitate germanium and copper without pre- 
cipitating cadmium; arsenic and some other metals are also precipitated. The . 
copper-germanium sludge is filtered off, redissolved in sulfuric acid, and reprecipi- 
tated to concentrate the germanium. The filtrates are retained for cadmium 
recovery. The germanium is roasted and dissolved in hydrochloric acid; distillation _ 
yields a crude germanium tetrachloride containing some hydrochloric acid and some 
arsenic trichloride. This crude chloride is purified by repeated distillation, the final 
distillations being carried out in the presence of chlorine and hydrochloric acid. 
Germanium tetrachloride is immiscible with water, and the acid flgats on the top. 

- Arsenic trichloride, on the other hand, is miscible and is extracted into the aqueous: 
~ layer, where it is oxidized by the chlorine to the nonvolatile arsenic acid. Distillation 
_ thus yields an arsenic-free product. This pure germanium tetrachloride is hydro- 

lyzed by water to yield germanium oxide. | 


3-6. GERMANIUM FROM COAL 


In England, germanium has been recovered from the flue dusts obtained in the 
combustion of coal. The process has been described by Powell et al.?7 Certain coals” 
from the Northumberland and Durham area contain as much as 0.003% Ge, and the 
flue dusts from producer-gas plants using these coals may contain up to 2% Ge. 
The dust is a mixture of oxides of iron, aluminum, silicon, zinc, and a number of 
other elements. It is smelted with soda and lime to flux the silica and with coal to 
reduce the iron oxide; iron acts as a good collector for germanium. Since gallium is 
also present, copper oxide is added since copper will collect this element. The 
result is a copper-iron regulus containing 3-4% Ge and 1.5-2% Ga. This is treated 
in a ferric chloride solution with a stream of chlorine. Distillation of this mixture 
gives a two-phase distillate; the upper layer is hydrochloric acid, the lower crude 
germanium chloride. The gallium remains in the still residue. The germanium — 
chloride is distilled adiabatically to yield a product containing about 20 ppm arsenic 
which is refluxed with copper and redistilled to yield arsenic-free chloride. Hydroly- 
' gis with water forms germanium oxide. 


3-7. BELGIAN PROCESSES® 


The Tsumeb ores are treated at the mine by a.selective flotation method, and a 
germanium concentrate is: obtained which contains about 0.25% Ge_in a mixture 
of lead and copper sulfides. This is treated in Belgium by roasting in a vertical 
- retort in a stream of charcoal producer gas (80% CO, 1 to 2% He, remainder Nz) at 
about 900°C. Under these conditions, germanium and arsenic are volatilized, 
while most of the lead and all of the copper are not. The fume is condensed and then : 
roasted at 550°C in air. Volatile arsenic trioxide is driven off and collected; ger- 
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manium dioxide remains behind, together with some lead sulfate. This mixture 
contains 15 to 20% Ge. 

In the Katanga mines, the germanium accompanies the copper during the 
flotation separation from zinc and concentrates.in the dust in the waste gases 
from the smelter. This dust contains about 0.3 to 0.4% Ge-in a mixture of 
crude lead and zinc sulfides. It is mixed with sulfuric acid and baked to remove 
most of the arsenic. The sulfated dust is leached with sulfuric acid and filtered; 
the insoluble material is chiefly lead sulfate. The filtrate contains the germanium 
along with considerable arsenic. It is oxidized with potassium pérmanganate and 
the pH adjusted to 2 to 2.2 to precipitate arsenic. After filtration, the filtrate is 
further neutralized with magnesia in two steps: first to pH 4.9 to precipitate a 
germanium cake, then to pH 5.5 to 5.7 to strip the solution of any residual ger- 
manium; the second precipitate is returned to the arsenic precipitation step. The 
germanium cake contains 8~10% Ge in a mixture of predominantly zinc and copper 
oxides. 

The germanium-enriched material from either process is dissolved in concentrated 
hydrochloric acid and submitted to a series of distillations essentially similar to that 
described for the Eagle-Picher process. The purified chloride is hydrolyzed with 
water to form germanium dioxide. : 


3-8. DETERMINATION OF GERMANIUM IN THE RECOVERY PROCESS 


For the various residues, concentrates, and other fractions from the germanium 
recovery process which contain more than 0.1% Ge, both gravimetric and titri- 
metric methods have been used. The usual gravimetric method uses tannin as the 
precipitating agent,” but cinchonine” and hydrogen sulfide® have also been used. 
None is entirely satisfactory, and all of them are. extremely tedious. Cluley" 
suggested a simple titrimetric method in which germanate can be titrated with 
alkali in the presence of mannitol; the method is analogous to that for borates. 
However, it does require a preliminary separation by sulfide precipitation which 
takes about 12 hr for satisfactory coagulation. A somewhat faster method is due 
to Abel,'* based on the hypophosphite method of Ivanov-Emin."” After fusion, the 
germanium is separated by distillation, and the germanium (IV) reduced to 
germanium (II) by sodium hypophosphite. It is then reoxidized by standard 
potassium iodate. A modification of this procedure is recommended by Musgrave.® 


3-9. PRODUCTION OF ELECTRONIC-GRADE GERMANIUM 


The germanium dioxide obtained in the recovery processes is reduced to the 
metal in a stream of hydrogen.'’ The oxide is loaded into graphite boats and 
heated in a stream of hydrogen at 650°C and then, when reduction is complete, 
to 1000°C to melt the metal to an ingot. The hydrogen is replaced by nitrogen and 
the ingot allowed to cool. The Belgian process® uses cracked ammonia for the — 
reducing atmosphere but is otherwise similar. 

This metal must ve purified further, and as a first step is submitted to a gradient 
_ freeze. This process depends for its action on the phenomenon of segregation, the 
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difference in solubility of an impurity in the liguraie and solidus. The distribution 
coefficient (or segregation coefficient) is defined as 


C= 
oe. 


where C, = concentration of solute in solid-phase 
C, = concentration of solute in liquid phase 


For the most common impurities in germanium, K is less than unity. As the melt 
solidifies, impurities concentrate in the liquid phase, and the last-to-freeze portion 
contains most of the impurities. This last-to-freeze portion is cut off and returned 
to the next billet of metal. _ 

In practice, this gradient freeze can be combined with the melting'® by with- 
drawing the graphite boat from the 1000°C zone of the furnace over a period of 
about 3 hr, cooling finally to 200°C. The material is further purified by zone 
_ refining; in this procedure a molten zone is moved through the length of the bar of 

germanium. Again, sincethe distribution coefficient is less than 1, impurities 
- concentrate in the liquidus and are moved to the end of the bar. The process can 
be repeated until the material is of sufficient purity. 

It is possible to produce single crystals by either of these treatments, although in 
many cases this is not the primary object. For this reason, both these procedures 
are dealt with in considerably more detail in Chap. 4. 


3-10. RESISTIVITY OF HIGH-PURITY GERMANIUM 


The real criteria for good electronic-grade germanium are, of course, its electrical 
properties, and of these resistivity is the most important since this will indicate 
the number of free carriers. 

As mentioned in Sec. 2-13, the commonest method for determining resistivity is 
the four-point-probe daethod: However, for polycrystalline material, as the ger- 
manium frequently is at this stage, the two-point-probe method is more accurate. 
The procedures for both these determinations have recently been the subject of a 
tentative ASTM epee F43- 677, - which should be the basis for acceptance 
tests. 


eo Potentiometer 
DPOT 
switch 
Fig. 3-1. The two-point-probe method for 
| resistivity. 7 
Probes 
<— Vo 
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The two-point probe is shown in Fig. 3-1. It consists essentially of two spring= 
loaded steel points ; nominally these tips are of 0.025 mm radius. The test specimen 
must be in the form of a strip or bar with its length at least three times its largest — 
cross-sectional dimension. The bar must be as uniform as possible, and its two 
ends must be electroplated with nickel or silver to allow ohmic contacts to be made — 
either by pressure or by soldering. .An ohmic contact, frequently referred to in 
semiconductor-device preparation, 1 is simply one that obeys Ohm’s law, i.e., is free 
from rectification. The surface to be measured must be abraded by ls eoine with 
No. 600 alumina or sandblasting with No. 280 Carborundum. The two contacts 
to the ends of the bar are connected in series with a standard resistor R;. A voltage 
is impressed across this network, and the potentials V,, Vr measured across the 
standard resistor and across the test probes. The potential V, is then remeas- 
ured; it should check the previous reading. The temperature of the bar 
(usually ambient) is noted and its dimensions measured. The resistivity is calculated. 
as | 


VrA — 
a | a ohm-cm 
where A = cross-sectional area, cm? 
= length, cm | 
I = current, amp 
= V./R, 


This method is applicable to material in the range 0.01 to 10,000 ohm-cm. 

The four-point probe is dealt with fully in Sec. 4-16. It consists of four probes in 
line, equidistant from each other. Its advantage over the two-point probe is that 
it does not need a special bar but can be applied to thin slices or irregularly shaped 
pieces. However, it is not as accurate, particularly for polycrystalline material, 
and is not recommended as an acceptance test. The distance between the probes, 
acm, is usually 0.05 in. A flat face must be prepared large enough to accommodate 
the probes and allow a distance of 4a from any probe to the nearest edge. This 
surface is prepared either by lapping or by sandblasting as before. The four spring- 
loaded probes are pressed against the surface and a voltage impressed on the two 
outside probes while the potential Vr is measured across’ the inside probes. The . 
current I passing through the outer probes is also measured. It can be shown”! that 


po = 27a — ohm-cm 


3-11. CONDUCTIVITY TYPE OF HIGH-PURITY GERMANIUM 


As well as the resistivity, it is usual to specify the type of germanium required, 
that is, whether it is n or p type. As was pointed out in Sec. 2-12, this can be 
found by determining the sign of the Hall voltage, and this method 1s preferred for 
germanium having a resistivity over 20 ohm-cm. Since the determination of Hall 
coefficient is an important one for er ystalline material, it will be dealt with in detail 
in Sec. 4-17. 

A simpler procedure for typing depends on the thermoelectric effect; both this and 
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the Hall effect method are the subject of an ASTM specification, F42-64T. The 
apparatus is shown in Fig. 3-2 and is really very simple, consisting of two 
probes, oné heated, connected through | a center zero Eaiveniometer If the ore 
are placed on a piece eae be germaniul shes ‘ _ 
| a.space ve will re To nee for this, sodtental difference 
is set up in s the eeital circuit : so that an equilibrium occurs. This requires that 
the hot probe be at a positive potential compared with the cold probe, and the 
galvanometer will deflect accordingly. Conversely, if the material 1 is p type, then . 
the hot probe will be the negative electrode. — 

It will be remembered. that the higher the temperature, the more carriers are 
generated, so that, in general, the larger the difference in temperature between the 
electrodes, the greater the effect. However, as the resistivity increases and the 
material becomes more nearly intrinsic, the mobilities of the carriers become im- 
portant and, with large temperature differences, will always type n. A difference 
of 40°C is therefore recommended, and even then this method is not used for 
material with a resistivity above 20 ohm-cm. 

The test specimen should be cleaned prior to probing by the ptocsaugs used for | 
the resistivity tests. The probes should be as close together as possible. The sample 

_ should be probed at several points since it is not oe to find type variations, 
| Perncnanys in | polyerystalline material. 


3-12. EVALUATION OF Sener DIOXIDE 


As a test for the suitability of germanium dioxide for subsequent treatment, a 
tentative ASTM method, F27-63T,” has been suggested for its reduction to the 
metal. A furnace is used which can be driven at a constant speed, as shown in 
Fig. 3-3. The tube, of fused quartz, is 3 em diameter and 76 cm long and is mounted 
at a1 in 42 incline. Fifteen grams of material is weighed into a quartz boat and 
placed in the cold tube, as shown. The hydrogen flow is started and the furnace 
raised to 650°C in 30 min. After 2 hr, the temperature is raised to 1000°C and the 
hydrogen replaced by argon or helium. After 15 min at this temperature, the drive 
mechanism for the furnace i is started; this translates the furnace at 0. 212 cm/ min. ( Yan 
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As the furnace slowly leaves the boat. area, the metal is subjected to a gradient 
freeze. A bar of 3.20 mm? cross section is cut from the finished ingot for resistivity 
and typing measurements. 


3-13. EVALUATION OF GERMANIUM 


Germanium dioxide which is suitable for further refining will typically yield 
metal, when reduced by the procedure of Sec. 3-12, of better than 0.1 ohm-cm 
resistivity. “Differences in values above 5 ohm-cm are not significant, and this is 
meant merely as a screening test. 7 | | 

Germanium metal should approach the intrinsic resistivity. Values for varying 
temperatures are given in Fig. 3-4. Acceptance tests usually will require values in 
excess of 40 ohm-cm at room temperature. The relationship between resistivity 
and carrier concentration (and, in effect, purity) is given in Sec. 4-5. 
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3-14. ANALYSIS OF HIGH-PURITY GERMANIUM. AND GERMANIUM, DIOXIDE 


While the electrical properties of the material are extremely useful in assessing 
its quality, they do’not identify the impurities present nor the dopant which may 
have been added. For this, analysis of a high order of sensitivity is required. 

To this point, the analysis of the various refining fractions, including the original 
ores, has followed conventional lines. The methods, while possibly unfamiliar, 
present no great problem to the analyst. However, with the production of the 
high-purity germanium dioxide and its subsequent refinement to ultrapure metal we 
enter on a new concept of sensitivity, one measured 1 in fractional parts per billion 
rather than parts per million. Since the methods applied to polycrystalline material 
are the:same as those for crystalline material, we shall defer further description | 
of these procedures to Chap. 5. It should be noted that the same methods can be © 
applied to germanium dioxide with little or no change. 


3-15. HISTORY OF SILICON 


In contrast to germanium, silicon is one of the most abundant elements, second 
only to, oxygen, with which it is usually associated. Forms of silica have been 
recognized from earliest times, and glass manufacture has been depicted in Egyptian 
frescoes of about, 2000 B:c. However, the quartz form of silica was long felt to be 
elemental and it was not until comparatively modern times that the element silicon 
was discovered. 

_ Lavoisier first suggested that silica was an oxide as early as 1787, and in 1808 
Berzel'us claimed to have discovered the element silicon in an analysis of cast iron. 
However, this material was in fact ferrosilicon. The first isolation was by Gay- 
Lussac and Thenard in 1809, who heated potassium in silicon tetrafluoride, although 
they did not recognize it as such. In 1823, Berzelius succeeded in preparing the 
element by heating potassium fluosilicate with potassium. These and subsequent 
preparations were of amorphous silicon, but in 1854 Deville prepared, by accident | 
from a fused mixture of aluminum and sodium chlorides, a crystalline form. 

. The early interest in the element was generated by the use of silicon as an alloying 
elernient in the steel industry. Originally, the element was prepared as ferrosilicon 
by heating a mixture of silica, carbon, and ferric oxide in a blast furnace. Later, 
electric-arc furnaces were used, and contents of silicon up to 99.8% were obtained. 
The subsequent efforts to upgrade this material were mentioned in Sec. 1-1. 

A fuller description of the history of silicon is given in another volume of this 
series by Runyan.” 


3-16. PRODUCTION OF ELECTRONIC-GRADE SILICON 


Silicon has been obtained by a number of methods, but, for semiconductor 
grade, the usual starting material is a halide. Various methods have been proposed — 
using a reduction by zinc, cadmium, or hydrogen, and these are reviewed by 
Runyan.” However, the commonest procedure uses either silicon tetrachloride or 
trichlorosilane, both of which are readily available in large quantities as starting 
materials for the silicone industry, and hydrogen as the reducing agent. 
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The chlorides are prepared by the reaction of chlorine with silicon or ferrosilicon 
or by the reaction of hydrochloric acid with a mixture of silica and carbon, both at 
elevated temperatures. The latter reaction tends to yield more trichlorosilane. 

The processes using either halide are essentially the same. The raw material is 
received in a high state of purity and is further refined by distillation. The distillate 
is vaporized, mixed with hydrogen, and passed to a reactor at about 1000°C. 
The reactions are 

— $iClL, + 2H, = 8i+ 4HCl 
and | 
SiHCl; + H:, = Si+ 3HCl 


The reactor can be of various design; for example, quartz tubes, tantalum rods, and 
silicon rods have all been used for deposition. The quartz tube can be easily 
heated, but the silicon bonds so strongly to the quartz that it must be broken away 
and any residual pieces etched off with hydrofluoric acid. The tantalum rod can 
be resistance heated while the tube walls are kept cool. In this case, the tantalum 
rod must be dissolved from the center with a nitric acid etch. The mast satisfactory 


reactoruses--bigh-purity silicon rod as the heater; this also gives the purest material. 


Trichlorosilane is preferred as the starting material since it reacts somewhat. 


faster and is easier to purify. However, recycling in the plant leads to a buildup 
of silicon tetrachloride by the side reaction 


Distillation leads to an overhead of trichlorosilane, boiling point 33°C atmospheric, 
and a bottom of silicon tetrachloride, boiling point 57.6°C. Some tetrachloride can 
be tolerated, but it is necessary to remove some continuously from the plant. 

The product is a polycrystalline dense mass of lustrous appearance. It is treated 
with suitable etchants to clean the surface and may be further purified by zone 
refining. In many cases, however, it is already sufficiently pure for crystal-pulling. 


3-17. ANALYSIS OF SILICON CHLORIDES 


The trichlorosilane used for feedstock must be of high purity; particularly must 
it be free of volatile chlorides of doping elements such as phosphorus, arsenic, and 
boron. Organic derivatives should also be absent since these will form silicon 
carbide in the reactor and will deposit in the silicon. Heavy-metal chlorides will 
not in general distill over, but they may be carried over by entrainment. They 
should, therefore, not be present in appreciable amounts. The methods for silicon 


tetrachloride are rather more numerous in the literature than those for trichloro- 


silane, but generally the procedures are interchangeable. 

_ The first attempts to analyze the halides for impurities were by emission spectrog- 
raphy. Two approaches are possible; one can hydrolyze the halide to silica and 
analyze this material, or one can evaporate the sample and analyze the residue. 
Generally speaking, the first approach is not sensitive enough, and more recent 
efforts have been aimed at the latter procedure. However, difficulties arise inasmuch 
as boron halides are volatile, and some method of holding them back must be 
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devised. Veleker and. Mehalchick™ hydrolyzed a portion of the sample with methyl 
~eyanide. The silica so: formed adsorbed the boric acid, and the remaining silicon 
tetrachloride could be evaporated. The residue was then spectrographed by using 
a Stallwood jet with argon gas‘ to determine boron down to 0.8 ppb. Vecsernyes 
and Zombori® hydrolyzed the sample to silica with aqueous ammonia and then 
spectrographed. However, their sensitivity, as pointed out above, was only 0.9 
‘ppm for boron; arsenic, which was also determined, gave even less sensitivity at 6 
ppm. Neither of these values is of much use in semiconductor work. Pchelintseva 
et al.?® suggested complexing the boron halide with chlorotriphenylmethane; this 
forms an insoluble complex after which silicon tetrachloride can be distilled off. 
The residue is submitted to emission spectrography. Using an 8-ml sample, as 
little as 4 ppb boron could be detected. Vecsernyes and Hangos”’ used the same 
method for boron contents of both halides, claiming a sensitivity of 1 ppb. Kawasaki 
and Higo® improved thé sensitivity to 0.06 ppb of boron in both halides by intro- 
ducing a hydrolysis step. Carbon interferes during arcing if the sample is large; 
they removed the organie residue by hydrolyzing the complex with sodium hydrox- 
ide and spectrographing the boric acid. This procedure i is probably the best for 
‘determining boron. 

Some other elements have been determined by emission spectrography. Usually 
these do not present any problem if they are nonvolatile. In fact, the previous - 
methods.for boron could probably also be extended to other impurities, although no 
attempt was made to do so. Martynov et al.” evaporated silicon tetrachloride on 
carbon powder and examined the residue by emission spectrography for Al, Fe, 
Mg, Mn, Cu, Ti, and Ca. No sensitivities were given, but values of 50 to 100 wee 

_ were quoted. In another publication, Martynov et al.* suggested preconcentrating 
the impurities by passage of a large sample over silica gel and spectrographing the 
gel. Again, only the same elements, plus Pb and Ni, were mentioned. Tarasevich 
and Zheleznova*® described a method specifically for Ta and Mn in trichlorosilane 
in which the sample was heated in moist air with silver chloride and the resulting _ 
_ silicic aeid heated with hydrofluoric acid. The concentrate left was spectrographed. 
The sensitivity, for a 65-g sample, was given as 0.2 ppb for Mn and 6 ppb for Ta. 

An activation analysis has been reported by Miyakawa and Kamemoto® in 
which sensitivities of 0.2 to 0.9 ppb were obtained for Na, As, Ga, and Cu and’5 ppb 
for Mn in a 10-ml sample of trichlorosilane. The sample must, however, be hy- 
drolyzed first since no reactor authority will allow such a corrosive sample to be 
irradiated. Consequently, volatile chlorides can also be lost by this procedure. 

Stripping (or amalgam) polarography was used by Vinogradova and Kamenev® 

for determining Bi, Pb, and TI in trichlorosilane, but there again a preliminary 
evaporation was made. A more attractive approach was taken by Karbainov and 
Stromberg,* where 0.5 ml silicon tetrachloride was mixed with 4.5 ml of n-propanol 
and electrolyzed for 10 min. Subsequent anodic polarography separated Sb, Bi, 
and Sn at sensitivities of 0. 04, 0.06, and 0.3 ppm, respectively. 

A few colorimetric metheds have been devised for specific elements. Alimarin 
et al. determined tantalum by the fluorescent complex with Rhodamine 6G. A 
sensitivity of about 0.2 ppb in trichlorosilane was obtained following an evaporation 


+This is to reduce interference from oxide bands and is discussed further in Sec. 5-3. 
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with hydrofluoric acid. Martynov et al.%° evaporated silicon tetrachloride with 
carbon tetrachloride (to reduce the hydrolysis) and reacted the dissolved residue 
with p-dimethylaminobenzylidene-benzoylaminoacetic acidt to give a fluorescent 
compound of copper; the sensitivity was 0.1 ppb using a 50-g sample. Miyamoto,” 
in a method for boron in silicon tetrachloride, evaporated the sample with dimethy!- 
aniline, which also retains boron as a nonvolatile complex. A colorimetric finish 
used curcumin, and a sensitivity of 0.4 ppb was obtained (but on a 500-g sample!). 
Haas et al.*8 have used a method for boron in silicon tetrachloride in which the 
sample is extracted with a quinalizarin-sulfuric acid reagent. The color change in 
the reagent layer is proportional to the boron content; and, by using a 20-ml sample, 
a sensitivity of about 10 ppb seems possible. In another paper from the same lab- 
oratory, Lancaster and Everingham® described a procedure for the determination 
of phosphorus in silicon tetrachloride. This is a particularly difficult analysis since 
phosphorus is notoriously insensitive in emission spectrography and is analytically 
very similar to silicon. Lancaster and Everingham extracted the phosphorus 
compounds by shaking a 25-ml sample with 0.5 ml concentrated sulfuric acid. The 
sulfuric acid layer was oxidized with perchloric acid and the resulting phosphate 
reacted to form the yellow vanadophosphomolybdate. The sensitivity claimed is 

15 ppb. This appears to be the only method published for the trace determination 
of phosphorus in silicon halides. 

The foregoing analyses are concerned with trace elements, that is, in the sub-ppm 
range, and for the raw material these are of course extremely important. In addition 
to these metallic impurities, however, the halides may contain some organic 
- compounds or, either before or during use, may become contaminated with hy-_ 
drolysis products or products of side reactions. Infrared absorptiometry was used 
by Rakov® to determine the hydrochloric acid content of silicon tetrachloride and 
 trichlorosilane; the measurements were made in the gas phase with hydrogen as the 
diluent. Tsekhovol’skaya and Zavaritskaya*! described a method for determining 
~COCk, CS:, SO2zCk, POC], and COS in silicon tetrachloride by infrared absorption; . 
and these, together with several more compounds, were determined by Rand.“ 
He used a 10-cm path length and a liquid simple, Table 3-1 shows the absorption 
bands used. 

The most convenient method of analysis of the halides, especially for plant control, 
is gas chromatography. Abe examined a number of stationary phases for the 
separation of trichlorosilane, silicon tetrachloride, phosphorus trichloride, and — 
boron trichloride and recommended a silicone, Dow-Corning DC-703. Turkel’taub 
et al.“ used the discrimination of the flame ionization detector for organic com- 
pounds and described a procedure for determining benzene in silicon tetrachloride 
and trichlorosilane with a sensitivity down to 3 ppm. The stationary phase was 
petroleum oil on firebrick. Palamarchuk et al. studied the separation of mixtures 
containing (CH3)SiCl,, CH3SiCl;, (CH3);8iCl, CHsHSiChk, (CHs3)2HSiCl, SiCh, 
~SiHC);, SiH2Cl, and CH;Cl. The stationary phases were benzyl benzoate, dibutyl 
phthalate, or diethyl phthalate, and.a conventional thermal-conductivity detector 
was used. Bersadschi et al.” analyzed mixtures of silicon tetrachloride and trichlo- 


+The translation from Consultants Bureau gives “lyumocupferron”’ as the trivial name, 
but it is not a cupferron derivative. : 
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- Table 3-1. Absorption Bands in Silicon Halides* 


Measurements made with 10-cm liquid path 


: - Boiling _ Absorption? Absorptivity, Detection 
Impurity point, maximum, |. wt. % limit, 
3 °C Lh emo! ppm 
—OH / Sees —  2.70-2.80¢ 
C—H in haloforms heals 3.28-2.354 . ; 
HCl — 84 3.53 | 15 2 
| 3 3.41 10 3 
HBr —67 3.99 
CO2z —78 4,27¢ . 80 1 
P—H | ae (4.3) 
SiHCl; | 33 4.43 
Si—H ee (4.6) | | 
COs | —48 4.89 200 0.2, 
COCl - 8 5.51 50. 1 
6.05 5. 10. 
COBr, | 65. (5.48) 
CC}];COC] 118 5.54 40 1 
CCl, 77 | 6.44 0.5 : 100 
CS, 46 6.57 — 500 0.05 , 
SO.Cl 69 7.04 75 2 
CeCle 325 | 7.69 . 10 | 5 
CHCl, 40 7.93 20 5 
~ POCI, 105 7.95 80 2 
| | 8.21 45 3 
SOCI, | : 79 8.08 7 100 | 0.5 
| So 4.06 | 0.5, 25 
SiCl, | 57 8.18 0.5 100 
CHCl; 61 8.24 30 , 3 
Si2OCI, 137 8.98 60 | 1 
| , 5.43 0.8 | 40 
6.29 0.2 150 
SiOz ee 9.2 
VOC), . 127 9.66 100 (0.5 


4,84 0.5 50 


«Adapted from Rand.” 
’Values in parentheses are for the pure materials; it is not known whether any shift occurs in 
solution. 


‘The addition of water gives a broad, shallow band near 3 y, attributed to hydrogen-bonded 
hydroxyl. | 

4For most organic compounds the C—H absorption is usually given as 3.3 to 3.4 p. 

-¢Doublet under high resolution. | ; 


rosilane for process control by using a stationary phase of transformer oil activated 
with glycerol. The sample was first dissolved in carbon tetrachloride to minimize 
hydrolysis. | | | | | | 7 
Procedures due to Burson® are employed in the Texas Instruments laboratories. | 
For inorganic impurities, a column of 20% SF-96 silicone fluid (General Electric 
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Co.) on deactivated Chromosorb P is used. Hydrogen chloride tails badly on the 
active support, and the column must be treated as follows prior to coating. To 40 g 
of support, add 100 ml saturated copper sulfate solution and 200 ml concentrated 
sulfuric acid. Reflux for 8 hr, rinse, and dry. With this SF-96 column at 40°C, 
good separation over a 6-ft length is obtained for air, hydrogen chloride, dichloro- 
silane, trichlorosilane, and silicon tetrachloride in this order, with a helium flow 
rate of 60 ml/min and a thermistor detector. Sensitivities are in the low-ppm 
range for a 10-ul sample. | 

For organic impurities, the stationary phase is 20% DC-200 silicone oil (Dow- 
Corning) on deactivated Chromosorb P. The 6-ft column is temperature pro- 
grammed from 25°C at the start, rising at 10°/min to a final 150°C. A flame ioniza- 
tion detector is used to avoid interference from the silanes. The C; to Cs hydro- 
carbons are eluted in the order of their boiling points. Again, sensitivities are in the 
low-ppm range for a 10-ul sample. 


3-18. EVALUATION OF SILICON 


Electronic-grade silicon, which is usually polycrystalline when sold, is charac- 
terized by its resistivity and type, and the methods are identical to those described 
for germanium in Secs. 3-10 and 3-11.. The applicability range of the resistivity 
test is the same as for germanium, 0.01 to 10,000 ohm-cm. For the thermal type of 
test, the range of application is up to 1,000 ohm-cm for silicon; above this, the 
Hall effect method is recommended. | 
- Silicon should approach the intrinsic resistivity. Values for varying temperatures 
are given in Fig. 3-5. Acceptance tests may require values in excess of 1,000 ohm-cm 
_ at room temperature. The relationship between resistivity and carrier concentra- 
tion is given in Sec. 4-15. 7 

The analysis of polycrystalline material and of silicon dioxide is identical to that 
of crystalline silicon and will be described in Chap. 5. 


"3-19. THE Ill-V COMPOUNDS 


The III-V compounds are stoichiometric compounds prepared from elements of 
group IIIA in combination with elements of group VA. Although most of the 
_ combinations have been examined, only the gallium and indium compounds with 
arsenic and antimony are currently of any commercial significance, and considera- 
tion will be restricted to these. 

The III-V compounds are always grown as single crystals, so that their prepara- 


tion will be described in Chap. 4. However, highly. purified elements must be 


used, and their isolation and analysis will be dealt with here. 


3-20. HISTORY OF GALLIUM 


- Like germanium, the element gallium was predicted in 1871 by Mendeleev from 
his periodie table. It was also predicted about the same time by deBoisbaudran 
from a studv of the spectral lines of the elements and was detected by him spectro- 
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- gcopically in a Pyrenees zine blende. In 1875, he isolated a small amount of the ~ 
element, and it was shown to have properties very similar to those pecs by 
Mendeleev. 


3-21. OCCURRENCE OF GALLIUM 


Gallium occurs widely distributed in nature but in small amounts. Only one very 
rare ore, gallite, CuGaS:, is known, and this is associated with the zinc ores of 
Tsumeb in Southwest Africa and of Katanga. It occurs in the Tri-State zine ores 
in a range about 55 ppm and is generally associated with aluminum wherever this 
element occurs. Bauxite, for example, contains about 20 ppm gallium, as do some 
coals. 7 


3-22. DETERMINATION OF GALLIUM IN MINERALS 


The determination of gallium i in minerals was originally ‘éconmplahed by gravl- 
metric methods, being precipitated as the hydroxide or by cupferron or tannin. 
These complexes are nonstoichiometric and are ignited to the hydroxide by weighing. 
These classical methods, which include a preliminary concentration in which the 
chloride is extracted into ether, are described by Schoeller and Powell: 

More conveniently, ores can be examined by emission spectrography. This was, 
as pointed out in Sec. 3-20, the way in which gallium was originally discovered. 
The line usually employed* is 2943.6 A, but even with a de arc the sensitivity is 
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limited to about 10 ppm. By using a chloride buffer, this has been increased to 1 


ppm for silicate rocks.” Preconcentration techniques have been used by some 
workers; for example, Minczewski et al. dissolved the ore in a suitable solvent, e.g., 
hydrofluoric acid, and extracted the 8-hydroxyquinolinate from a buffered solution 
into chloroform. Sensitivities approaching 0.1 ppm are possible by this method. 
Similar methods can be employed for coal. Bronshtein et al.*4 describe a procedure 
in which the coal is ashed at 600°C. A buffer mixture of coal and sodium chloride 
(1:1) is mixed with the ash in equal parts and arced. Ten parts per million of 
gallium can be determined in the ash. | 

An almost bewildering number of reagents have been suggested for the colori- 
- metric determination of gallium, but probably the most generally used is Rhodamine 
B. Culkin and Riley® described a method using this reagent which is applicable to 
silicate, sulfide, oxide, and carbonate minerals. After solution, the gallium is 
extracted as the chloride into isopropyl ether and evaporated to dryness. The 
residue is dissolved in 6.5 N hydrochloric acid and extracted with a ehlorobenzene— 
carbon tetrachloride mixture containing Rhodamine B. The absorption of the 
organic phase is measured. The sensitivity is about 1 ppm, but it can be increased 
about tenfold by using a fluorimetric finish. Such a procedure is given by Knipovich 


and Krasikova,™ although 8-hydroxyquinoline has perhaps been more widely used 


for fluorescent procedures.*! In general, they follow the same lines as the colorimetric 
method. | 
Activation analysis has been applied to the determination in rocks. Morris and 


-Chambers*’ described a procedure in granite in which results around 20 ppm were ~ 


quoted. However, this was by no means the lower limit of sensitivity. By using a 
- flux of 10” neutrons/(cm’) (sec), it was calculated that about 0.1 ng should be 
detectable, or in the 0.5-g samples used, about 0.2 ppb. Jaskolska and Minezew- 
ski®59 describe a procedure using a somewhat lower flux of 3 X 10" neutrons/ 


(em?)(sec). The ore is dissolved and an aliquot of solution irradiated. A radio- | 


chemical separation finally yields an 8-hydroquinolate which is counted. A sensi- 
tivity of better than 1 ppm is attained. | 

A flame .photometric method for gallium in zine and aluminum ores has been 
described by Bode and Fabian.© 


3-23, RECOVERY OF GALLIUM 


Gallium, like germanium, is recovered as a by-product from other smelting 
operations. A review of the methods used has been given by Sheka et al.* Its 
close association with germanium in the zinc ores and coal suggests that it will 
probably be recovered in the same processes, and this is in fact the case. 


In the Eagle-Picher process, the roasted zinc ore is leached with sulfuric acid and 


filtered. The filtrate is neutralized with the object of removing iron and aluminum. 
A precipitate, termed “iron mud,” is filtered off, and this contains about 0.07% 
Ga. A sodium hydroxide leach dissolves aluminum and gallium along with some 
silica. Neutralization. precipitates the hydroxides, which are ignited to render ‘the 
silica insoluble. Leaching with hydrochloric acid gives a crude solution of aluminum 
and gallium chlorides. The gallium is ‘separated by extracting with ether; the 
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resulting gallium trichloride contains some iron, which is removed as the hydroxide 
by strong alkaline solution. This caustic solution.is then electrolyzed to obtain 
gallium metal. : | 

In the recovery of germanium Siaid coal,® described in See. 3- 6, the copper-iron 
regulus containing germanium and gallium is treated in a ferric. chloride solution 
with a stream of chlorine. The germanium is distilled from this mixture, and 
gallium remains in the still. The still residue is then cooled to allow some of the 
copper salts to crystallize out. The mother liquor is diluted and treated with scrap 
aluminum to precipitate copper, arsenic, and some other metals; the ferric chloride 
is reduced to ferrous. After acidifying with hydrochloric acid, the gallium chloride’ 
is extracted with isopropyl ether. The ether solution is mixed with dilute hydro- 
chloric acid and the ether distilled off. Heavy metals are removed by a hydrogen 
sulfide precipitation and the filtrate oxidized with nitric acid. Sodium hydroxide is 
added to first precipitate and then just redissolve gallium hydroxide; precipitated 
ferric hydroxide is filtered off, after which gallium metal is obtained by electrolysis. 

The production of aluminum is by alkaline reactions; the Bayer process uses an 
alkaline solution, the dry process a soda-lime fusion and subsequent extraction. In 
either case, the hot solution is allowed to cool to deposit alumina which is filtered off. 
The gallium does coprecipitate to some extent, but most of. it remains in solution. 


Since the alkaline solutions are used again in a cyclic process, it tends to concentrate _ 


in this mother liquor. If the solution is carbonated, more alumina is precipitated © 
until, toward the end of the carbonation, gallium hydroxide also precipitates. This 
alumina containing gallium is dissolved ae in alkali and the metallic gallium 
obtained by electrolysis. 


3-24, DETERMINATION OF GALLIUM IN THE RECOVERY PROCESS . 


For the somewhat higher levels of gallium that are found in process liquors, 
either gravimetric or volumetric methods may be used. Generally, the latter are 
faster and more convenient. The usual procedure involves titration with EDTA, 
using morin as indicator. Gregory and Jeffery® devised a procedure for Bayer 
liquor in which interfering elements were removed by ion exchange prior to titration. 
Mizuno® has used this titration for the determination in red mud, another fraction 
in the Bayer process. He separates the chloride into isopropyl ether, evaporates 
the solvent, and treats the residue with excess.standard EDTA. The excess is 
back-titrated with bismuth using xylenol orange as indicator. 


3-25. PRODUCTION OF HIGH-PURITY GALLIUM 


The gallium metal obtained by electrolysis is somewhat impure, containing 
several tenths of a percent of zinc together with several other metals. Since it is a 
liquid at room temperature, it.can be purified by methods similar to those used for 
mercury, viz., filtration through glass wool followed by an acid wash. The material 
resulting i is aE good quality but can be further purified by either fractional crystalli- 
-zation™ or zone refining.” 
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3-26. | ANALYSIS OF HIGH-PURITY GALLIUM 


Almost all the methods used for examining gallium arsenide can be used for the 
analysis of gallium. Since gallium arsenide is always prepared as single crystal, 
' discussion of these methods will be deferred to Chap. 5.. 

A few absorptiometric methods for specific impurities. have been described. 
Nazarenko et al.® determined arsenic by extracting as the diethyldithiocarbamate 
into chloroform, evaporating, ani, after dissolving the residue, applying the 
molybdenum-blue method. Nazarenko and Flyantikova*’ evolved a method for 
silicon in which the gallium is first removed by volatilizing as the 8- hydroxyquinolate 
and then determined as the molybdenum-blue complex. The same workers® 
separate iron into a chloroform solution of hydroxyiminophenylhydroxylamine and, 
after evaporating and ashing, determine it by extracting the thiocyanate into 
isoamyl alcohol. A somewhat simpler procedure for iron is given by Knizek and — 
Galik® in which the iron is reduced and the bathophenanthroline complex extracted 
into chloroform for measurement. Roberts et al.” removed the gallium by extrac- 
tion of the chloride with isopropyl ether and détermined copper in the aqueous 
residue using 1,5-diphenylearbohydrazide. Knizek and Pecenkova” reduced the 
copper with hydroxylamine and extracted the neocuproine complex into chloroform 
for measurement. Antimony is determined by Biryuk” by separating into chloro- 
form as the diethyldithiocarbamate, evaporating to fumes with sulfuric acid, 
extracting as the pyridine-iodide complex into ether, returning to dilute acid solu- 
tion, and finally completing the determination with. phenylfluorone. Monnier 
and Prod’hom” separated the gallium from zinc by extracting it into ether as the 
chloro compound and determined the zinc in the aqueous fraction with dithizone. 
Sulfur is determined by Goryushina and Biryukova” by reducing to sulfide, distilling 
off as hydrogen sulfide, and determining this as lead sulfide colorimetrically. 

All these colorimetric methods have sensitivity levels in the 0.1- to 1-ppm range 
_A fluorimetric method for selenium, due to Viadimirova and Kuchmistaya,” has a 
- similar sensitivity; after precipitation of metallic selenium from the sample solution, 
the redissolved element is reacted with 3,3’-diaminobenzidine and the fluorescent 
complex extracted into toluene. Sensitivities down to 1 ppb have been obtained by 
Lysenko and Kim;" in their procedure, 5 g of sample is dissolved in a hydrochloric- 
nitric acid mixture, and the gallium chloride extracted with butyl acetate. Photo- 
metric methods are described for copper using dithizone, nickel using a-dioxime, 
and cobalt using nitroso-R salt. Titration techniques using an absorptiometric end 
- point are also given for silver and platinum using dithizone, bismuth using thiourea, | 
and manganese using persulfate. | 

A preliminary separation of lead and zinc is made by Steffek,” using filter-paper 
chromatography. An ethyl acetate-nitric acid eluent is employed, and the colori- 
_ metric finish is with dithizone. | 

Severai polarographic methods have been published. Pohl’ described a pro-— 
cedure for copper and cadmium in gold which he claimed could also be applied to 
gallium; the gold was removed by extraction of the bromide into isopropyl ether 
prior tu polarographing the aqueous residue. Sinyakova et: al.” obtained 10 ppb 
sensitivity for indium by dissolving the gallium sample in aqua regia, adding 
cobalt, and’ coprecipitating the indium as the sulfide. This precipitate was then: 
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redissolved and the indium extracted as the dithizonate prior to polarography. 
Stripping polarography was used by Provaznik and Mojzis® to determine lead in 
- gallium; a preliminary electrolysis was performed on a solution of the sample using 
a sessile mercury drop, followed by a rapid anodic scan. Miklos® described a 
procedure for zinc in which the gallium was complexed as the tartrate; however, for 
contents less than 0.1%, the zine had to be separated first as the duhizenc: A 
‘square-wave polarograph (Mervyn-Harwell) was used by Kaplan et al.® to deter- 
‘mine tellurium. After solution of the sample, tellurium was reduced to the element 
by hydroxylamine and coprecipitated with sulfur prior to polarography. A variation 
of this method® uses a carbon tetrachloride extraction of the diethyldithiocarbamate 
to isolate the tellurium. Kaplan and Sorokovskaya*™ have used the same instrument 
to determine selenium, using the same coprecipitation with sulfur to separate it - 
from gallium. The sensitivity for both these elements was 0.2 ppm. Lysenko and 
Kim® used the same concentration step described above for colorimetric analysis as 
a preliminary to polarography. After removal of the gallium chloride by butyl 
acetate extraction, the aqueous fraction is evaporated and then dissolved in either 
a bromide or an acetate electrolyte. Copper, zinc, cadmium, indium, and lead can 
be determined at sensitivities of 10 ppb or better. 

Activation analysis has not been applied to this problem to any great extent. 
The high level of activity induced in gallium itself tends to increase the background 
and lower the sensitivity. Moreover, gallium metal is not allowed in the higher- 
flux reactors, so that a preliminary treatment to form oxide is necessary. Hoste and 
Van den Berghe® determined indium in gallium using a radium-beryllium source, 

but.the sensitivity of 40 ppm is somewhat unrealistic for high-purity metal. Lerch 
and Kreienbuhl® described a procedure for calcium which-had a sensitivity of 1 
ppm and, in the same paper, were. able to obtain a sensitivity of 50 ppb for zinc 
using an isotope dilution method. This method was later applied®’ to calcium to 
follow its distribution during the electrolytic separation of gallium; a sensitivity of 
1 ppb could be obtained. A procedure for copper has been devised by Krivanek et 
al.88 using the substoichiometric procedure. This uses a known, but insufficient, 
amount of diethyldithiocarbamate reagent to extract the carrier and active copper. 
into chloroform for gamma-ray spectroscopy. The substoichiometric extraction 
is more selective, and a sensitivity of better than 0.1 ppm is attainable. More 
- comprehensive procedures have been described by Alimarin et al.8° <A solution of © 
the irradiated sample in hydrochloric acid was extracted with ether to remove 
gallium and gold; the latter was determined by evaporating, redissolving, and 
reducing with hydrogen peroxide. The aqueous solution was treated with hydrogen 
sulfide to precipitate arsenic and copper, phosphorus precipitated as bismuth 
phosphate, and zinc determined in the final solution. Values quoted for a high- 
purity sample varied from 5 ppb for arsenic up to 25% (sic) for phosphorus:. Nagy 
et al. used a half-life determination after 17 days’ decay to determine zinc in 
gallium, although the values quoted were 10 ppm or higher. They also claimed to 
have determined iron and mercury by gamma-ray SBECHORCORY, but no level of sen- 
sitivity was given. 

The determination of oxygen, ., hydrogen, and nitrogen in gallium i is carried out by 
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vacuum fusion. Both Wilson et al.” and Vasil’eva et al.” use a dry bath; the 
sensitivities are in the few-ppm range. 


An indirect coulometric titration has been proposed by Kostromin and . 


Anisimova® for the determination of beryllium, with a probable sensitivity of less 
than 1 ppm. After dissolution of the sample, the acetylacetonate is extracted into 
chloroform, the solution evaporated to dryness, and the complex dissolved in 
sulfuric acid; the liberated acetylacetone is titrated potentiometrically with 
electrolytically generated bromine. 
_ While the above methods for specific elements undoubtedly have their uses, 
most of them do not have the general survey feature that an evaluation of a high- 
purity metal should have. This feature is available in the spectrographic methods, 
and these are by far the most useful, particularly since the sensitivity is quite high 
for emission as well as mass spectrography. 
Most of the published emission spectrographic procedures call for a preliminary 
concentration step. Owens™ removes the gallium as the chloro complex by extract- 


ing with isopropyl ether. Several metals are detected down to 0.02 ppm. An almost. 
identical method is used by Oldfield and Bridge® with very similar sensitivity levels. 


reported. Neeb® was able to achieve a sensitivity of 4 ppb for zine by vaporizing 
the sample and. condensing the impurity on a cold finger prior to sparking. Ly- 
senko and Kim” used their butyl acetate extraction of the chloro compound. to 
effect a preconcentration and achieved sensitivities of as much as 0.1 ppb. 
Undoubtedly these preconcentration procedures can enhance the sensitivity, but 
they are tedious to carry out, and contamination from the reagents is always a 
- possibility. Moreover, some elements of interest may be removed with the gallium. 


It is preferable to use a direct method. -Massengale et al.” first applied: the split- 
burn technique to gallium arsenide, and this will be dealt with more fully in Sec. 5-3. 


Essentially, it consists in arcing the sample in the conventional way but splitting 
the burn into three consecutive periods of time. This has the effect of reducing the 
background to one-third in the first period while the Volatile elements are mostly 
evolved in this same period; i.e., the signal-to-noise ratio is increased by 3. Similarly, 
in the last period the nonvolatiles are enhanced. The method, including that for 
gallium, has been given in detail by Kane.* The sensitivities are the same as those 
given in Sec. 5-3 for gallium arsenide and are about 1 ppb for copper and magnesium 
and about 1 ppm for many others. This compares quite favorably with the precon- 


centration methods and gives a more comprehensive and reliable evaluation of the | 


metal. — | 
Mass spectrography gives even more complete coverage and, in general, better 
sensitivity than emission spectrography. This technique 1s very important in the 


analysis of semiconductor materials and will be dealt with in somewhat more detail 


in Sec. 5-4. Briefly, self-electrodes of a solid sample are sparked in vacuum at 
radiofrequencies, and the ions generated are analyzed by a double-focusing spectrom- 


eter system: The readout is a photographic plate. - Wolstenholme® described an 


attachment, shown in Fig. 3-6, for. maintaining the sample as a solid during 
analysis. A similar attachment. has also been used by Nalbantoglu.™: 1 Tt, consists 


of a glass tube, closed at its tower end and carrying two copper leads which clamp — 
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Fig. 3-6. Cold-finger attachment for 
the analysis of gallium. (Adapted 
from Wolstenholme.) 4° 3 


to the electrode holders. The tube is surrounded by a jacket which exhausts into 
the source to form a vacuum insulator when the unit is mounted in place of the 
shutter mechanism of the mass spectrograph. The gallium sample is frozen, cut into 
small bars, and clamped in the holders. The tube is kept filled with liquid nitrogen 
during the sparking period to conduct away heat from the electrodes. The method 
has been given in detail by Kane.®% The sensitivities are the same as those given 
for gallium arsenide in Sec. 5-4 and range from 1 ppb up to about 50 ppb for most 
elements. Fitzner!™ has described his experiences with this same procedure, and his 
analyses for three grades of material are given in Table 3-2; note that these values 
are in ppm by weight. : oe | 


3-27. HISTORY OF INDIUM 


The discovery of indium preceded that of gallium; and, like gallium, indium was 
found spectrographically. Reich and Richter, in 1863, were examining a residue 
from the treatment of zinc blende for thallium, which had been found 2 years 
earlier by Crookes in another sulfide mineral, when they noted, instead, two blue 
lines due to a new element. They named their element indium after the indigo — 
color of the emission. They isolated the metal the same year from this same ore. _ 
_ The metal remained a curiosity until well into the 1930s. It is reported! that 
the world’s supply was only 1 g in 1924. During World War II, production was 
considerably expanded because of its use in aircraft engine bearings. . a 
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Table 3-2. Mass Spectrographic Analysis of Galliumt 


All values ppm by weight 
a a 


Wicmvent Highest-purity Average Comparatively 
material - material impure material 

C <0.2 <0.2 <0.2 
F | 0.06 0.05 0.1 
Mg 0.03 0.04 0.3 
Al 0.04 0.04 0.25 
Si <0.3 <0.3 0.7 
P 0.02 0.02 | 0.1 
S | 0.05 0.05 0.15 
Cl 0.05 0.07 0.3 
K 0.03 0.06 0.061 
Ca 0.05 0.07 0.71 
yn (ner eee 0.03 0.04 
Vo ee 0.03 0.03 
Ce iene tig 0.02 0.04 
Mn  |f{ V.a.. 0.02 0.08 
Fe | Va... 0.04 0.07 
cS cS ee | ns eg 0.05 
Cu |] ee 0.06 0.4 
V/s 0.03 0.6 
sn, cS 2 en, es oe 3 
so) |! eS a ee | or 0.15 
ts : Ss ae nL Toes 1.5 
PDO 22 Re emcee 0.8 


{From Fitzner.* 


3-28. OCCURRENCE OF INDIUM 


Like gallium, indium is found in many minerals throughout the world but in 
very minute amounts. It is associated generally with zinc and, to a lesser. extent, 
lead. Amounts, even in ores more abundant in the element, are less than 0.1%. 


3-29. DETERMINATION OF INDIUM IN MINERALS 


Although indium was first detected spectrographically, the classical methods for 
its determination in minerals are gravimetric. Schoeller and Powell!? describe a 
..method in which the ore is decomposed and treated to obtain the indium in a 
hydrochloric acid solution. Zine is added and the resulting sponge dissolved in 
nitric acid. Indium hydroxide is precipitated from homogeneous solution using 
hexamethylenetetramine and reprecipitated before weighing as the oxide. A few 
other precipitants have been used and are reviewed by Onishi.*! For example, 
Patrovsky™ has applied diethyldithiocarbamate to the determination in zinc and 
iron ores. A comprehensive survey of the analytical chemistry of this element has 
been made by Busev,!” and this should be consulted for work prior to 1957. 

Spectrographic analysis has been extensively applied to the determination of 
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/ 


-- indium in minerals, and in general the same comments can be made that were 
- made for gallium. By direct methods, e.g., that of Morris and Brewer™ or Raikh- 


baum and Kostynkova,!™ a sensitivity limit of 10 ppm is usual, but with the addition - 


of a chloride! this can be increased to 1 ppm. .Preconcentration can be employed 
- to improve on this. Minczewski et al. applied the method described for gallium to 


the simultaneous determination of indium and obtained a similar sensitivity (0. 1 
ppm). Brooks" has described a method in which the iodine complex is extracted 
into ether, which is then distilled off and the residue submitted to emission spectrog- 


_ raphy. By application of this method to silicate rocks, a sensitivity of about 0. 01 


ppm was obtained. — 
Of the colorimetric reagents, the most popular, as for gallium, seem to be the 


‘Rhodamine dyestuffs. Blyum and Dushina™ describe a method in which the ore is 


dissolved in nitric acid-—hydrochloric acid mixture and evaporated to dryness, the 
residue treated with hydrochloric acid, and the bromo-indium complex extracted 
into butyl. acetate. The indium is reextracted into. hydrochloric acid and then 
precipitated as the hydroxide with ferric iron as the collector. The precipitate is 
dissolved in dilute hydrobromic acid, Rhodamine 3B is added, and the complex | 
extracted into benzene where it is determined fluorimetrically. By comparing with 
standards visually, a sensitivity of 0.2 ppm is obtained on a 0.1-g sample. An 


_ essentially similar method using Rhodamine 6G was. given by Blyum et al. ;#2 


using Rhodamine B, by Knipovich et al. 13 both used fluorimetric aie 


_Rozbianskaya™ determined indium in dusters by both colorimetry and fluorim- 


etry, depending on the level, using Rhodamine B; a preliminary extraction of the 
bromo compound into ether was made. Levin an Azarenko,! on the other hand, 


devised a method of extraction into alkyl hydrogen phosphates which eliminated the 
necessity of the final extraction of a Rhodamine G complex into. benzene; their 
finish was colorimetric. Other colorimetric reagents have included arsenazo,™ 


5,7- dibromo-8-hydroxyquinoline, 117 and bromopyrogallol red. aS She droxvauiné: 


. line has been used" as a fluorimetric reagent. 


Activation analysis was applied by Smales et al.!”° to a number of rocks including 


granite and diabase, and a similar procedure by Irving et al.” to cylindrite. The — 


indium is precipitated several times as the hydroxide or sulfide and finally recovered 


as the oxinate. Sensitivities of 2 ppb were obtained on a 400-mg sample if !4In were 
counted or on a 20-mg sample if "*In were determined by using a flux of 10” 
neutrons/ (cm?) (sec). Abdullaev et al.,! using a polonium-beryllium source, deter- 


mined 10 ppm by gamma-ray mpectreseapy: using the “In, in sphalerite. The pro- - 


_ cedure of Jaskolska and Minczewski®-** described earlier (Sec. 3-22) for gallium also 


includes an additional step for indium. The sensitivity is about the same. - Pierce and 


_ Peck” introduced a method of separating "*In by passage of a sample. solution of © 
_rock through a cellulose column impregnated with dithizone. Interfering elements 


were removed by the column, although an additional extraction step was recom- 
mended by. Mapper and Fryer! to remove gallium. Two analyses of ores were made 


by Okada and Kamemoto™ using very short (2.5 sec) irradiations and gamma-ray 


spectroscopy; the metastable “6"In was used. Down to 1 ppm indium was deter- _ 


-mined by Tomov et al. #26 in sphalerite and lead-zine ores, also oe using gamma-ray 


spectroscopy. 
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Polarography is a particularly useful technique for determining indium in ores 
since the wave is well separated from those of both zine and gallium. Weiss!2” 
has described a method for ores using chloride as the base in which vanadium is 
masked with fluoride and cadmium removed as the ammonia complex; a sensitivity 
of 30 ppm is obtained. Kvacek and Kuhn obtained a similar sensitivity in the 
presence of lead, cadmium, and tin by using a chloride-bromide electrolyte and: 
applied this to the determination in sphalerite and zinc ores. These ‘same 
workers’ subsequently published modifications for use in the presence of large 
amounts of lead or tin. Kaplan applied a pulse polarograph to the determination 
of indium in acid-soluble ores. using a hydrochloric acid base, but no sensitivities 
were given. 

The flame photometric method of Bode and Fabian,” mentioned in Sec. 3-22 for 
gallium, has also been applied to indium. | 

Patrovsky!® applied the EDTA titration using morin as indicator to the deter- 
mination of indium in sphalerite, and Tsyvina and Vladimirova!® titrated ampero- 
_ metrically using EDTA. 


3-30. RECOVERY OF INDIUM 


Since indium is present only at very low levels in minerals, it is recovered as a 
by-product in other metallurgical operations. The commonest source is the electro- 
lytic production of zinc. 

Sulfide ores of zine are first roasted to form the oxide and then leached with 
sulfuric acid. The solution is neutralized to precipitate ferric hydroxide, which 
carries down with it many other metals, some of which may be worth recovering. 
In some of the larger operations, e.g., the Cominco plant at Trail, British Columbia, 
the ore is essentially a lead-zine ore and the leach residue is high in lead. It is 
therefore treated in a blast furnace to recover the lead. The slag from this furnace 
contains zinc which was carried down with the precipitate; it is fumed in another | 
furnace and additional zinc separated as the oxide. This is leached and precipitated 
as before and the residue returned to the lead furnace. The solutions from these 
leach operations proceed to the electrolysis step for zinc recovery. | 

The lead passes to a drossing stage in which the lead bullion is melted prior to 
casting into ingots which are subsequently purified by electrolysis. In this stage, a 
slag is separated which contains most of the indium. The treatment of this slag 
has been described by Mills et al. The flow of the indium through the plant is 
shown in Fig. 3-7. The bulk of the indium ends up in the dross slag, which is 
treated by the process shown in Fig. 3-8. The slag, which contains about 2.5% 
indium, is ground, and copper, which is present in significant amounts, is separated 
by flotation. The tailings, mostly lead, are sintered and reduced in an electric 
furnace with coke and limestone. The speiss is returned to the smelter; and the 
metal, a mixture of lead, tin, indium, and antimony, is cast to form anodes for the 
electrolysis. The electrolyte is lead fluosilicate, and a lead-tin alloy (about 10% tin) 
is deposited on the cathode. The indium forms an indium antimonide slime at the 
anode, and only relatively small amounts of these two elements go into solution. 
The slime is heated to 300°C with sulfuric acid and the product leached with water. 
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Fig. 3- 7. Indium flow through. the 
Trail yn plant. (After Mills 
ef al.'s 
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Speiss 


Antimony, tin, and lead are insoluble and can be filtered off. The solution, mostly 


indium sulfate and a little copper sulfate, is adjusted to pH 1.0 and sodium chloride © 


added. - Sheet indium is introduced, and copper separates by electrodeposition. 
When complete, the sheets are removed, the pH adjusted to 1.5, and zinc or alu- 


- minum sheets introduced. Indium deposits electrolytically in the forwi of a sponge, 


which is cast. This metal is 99.5%. The spent electrolyte from the first electrolysis i is 
treated as shown in Fig. 3-8 to recover lead and electrolyte. 

_ Variations on this method are used by other producers, dependent on the method 
used for zinc refining. Several of these are reported by Mills et al.1% 7 


3-31. DETERMINATION OF INDIUM IN THE RECOVERY PROCESS 


In industrial processes, gravimetry and volumetry have been used occasionally. 
Zettler,1* for example, detérmined indium in smelter fume by a series of precipita- 
tions of the hydroxide and sulfide. Indium was determined in the hydrochloric 
acid solution from the germanium recovery process by Kalina and Baburina!®” 
by extracting the bromo complex into ether and precipitating finally as the 
hydroxide. Lead fractions containing indium were examined by Sayun and Tik- 
hanind' by extracting the iodo complex into ether and then titrating with EDTA 
- with 4-(2-pyridylazo) resorcinol as indicator. 

_ Spectrographic methods have been devised by Yudelevich and his coworkers'®*!42 
for the control of the lead-zinc process, and these methods include determinations 
for indium. The samples are arced, and for powders,. the sensitivity is 10 ppm. 
For solutions, the sample is atomized into the arc, or carbon powder i is impregnated 
_ with the sample; Sensitivities are about 10 yg/ ml. 

Colorimetric and fluorimetric methods have also been applied to the process 


control of lead-zine by-products. Ginzberg and Shkrobot’” removed interfering 


_ elements from zinc and lead dusts by ion exchange followed by a fluorimetric 
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Fig. 3-8. Recovery of indium from slag. (After Mills et al.1**) 


_ determination using 8-hydroxyquinoline, and the same reagent was applied to the 
analysis of flue dusts by Gurev et al. using a preliminary extraction of the bromo 
complex into ether. A colorimetric method was used by Collins and Kanzelmeyer™® 
for determinations in various zinc fractions; after a separation of the brpmo com- 
pound into isopropyl] ether, the indium was returned to aqueous solution and then 
extracted into a chloroform solution of dithizone, where its color was measured. 
The alkyl phosphate extraction and Rhodamine 6G colorimetric procedure of 
Levin and Azarenko,!™ previously mentioned for minerals (Sec. 3-29), has also 
been applied to fractions in the lead-zinc industry. Other reagents used for this 
purpose include arsenazo,!* phenylfluorone,“* and xylenol orange.’”_ 

Activation analysis has been used for analyzing final products such as lead and 
zine for indium, but needless to say it has not been applied as a process-control 
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method. Hoste and van den Berghe® applied their method for indium in gallium to 
its determination in zinc.also, but again the sensitivity was poor. Kusaka"® used 
the same type of-radium-beryllium source for determinations of 0.05% or more in 
zinc. Kosaric and Leliaert'* determined about 5 ppb of indium in zinc by irradiating 
at 8 X 10" neutrons/(cm?)(sec) and separating the bromo indium complex into 
isopropyl] ether. Jaskolska and Minczewski*™®* used the same method described 
earlier for gallium (Sec. 3-22) and for indium in ores (Sec. 3-29) for its determination 
in metallic lead. Gibbons and Lawson °® described a gamma-ray spectroscopic 
method for zinc samples with a sensitivity of 10 ppb. An irradiation of 30 sec was 
given at a flux of 10” neutrons/(cm?) (sec), and the “In peak was measured. 

Although polarography is stated by Mills et al.'% to be the technique used in 
process control in the lead-zinc industry’s recovery of indium, information on the 
procedures is not given. Busev! reports several methods, and Moeller and Hop- 
kins! refer to one or two, pointing out the interference by cadmium. This was 
avoided by Treindl!” by using a potassium iodide electrolyte and applied to the 
determination in zinc. Nizhnik and Chaus treated the zinc-lead concentrate with 
sulfuric acid and added zinc amalgam to remove interfering ions by electrodeposi- 
tion; alkali chloride was added to form the base electrolyte. Pats and Tsfasman™ » 
described methods for lead concentrates in which the lead is removed as sulfate 
and the indium coprecipitated with iron as the hydroxide. This precipitate is — 
dissolved in hydrochloric acid, phosphoric acid is added to prevent interference by — 
tin, and the solution is examined on a square-wave polarograph. Banks et al.!5156 
made studies of the partition of indium between molten lead and zinc and obtained 
good waves by using a tartrate electrolyte after removal of the lead as sulfate. By 
using a sine-wave polarograph, they were able to avoid the lead precipitation and 
to use a chloride base. Kovalenko and Musaelyants!” polarographed the zinc 
sulfate electrolyte from the process directly ; the wave at —0.56 volt in this medium 
is due to cadmium. On addition of: potassium chloride, a combined wave due to 
both this and indium is obtained, and indium is determined by difference. 


3-32. PRODUCTION OF HIGH-PURITY INDIUM 


The 99.5% metal obtained above is further refined electrolytically; the process 
has been described by Mills et al.¥° A sodium chloride-indium chloride electrolyte is 
used, and by careful electrolysis a product of 99.999% purity can be obtained. 


3-33. ANALYSIS OF HIGH-PURITY INDIUM 


Since the metals indium and gallium are so similar in their chemical properties, it 
is not perhaps surprising that many of the methods referred to in the discussion on 
gallium (Sec. 3-26) occur again here. In addition, many of the methods for indium 
antimonide and indium arsenide, dealt with in Chap. 5, will also be applicable to 
the metal. | _ | oe 

Several absorptiometric methods have been described for specific impurities. 
Nazarenko et al. applied their diethyldithiocarbamate separation and - 

molybdenum-blue finish to the determination of arsenic in indium. In fact, Naza- 
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renko and his coworkers have been quite active in this field, having published 
methods for cadmium using dithizone, silicon” using molybdenum blue, zinc 
using dithizone, iron™ as the thiocyanate, and, more recently, arsenic™ by a rapid 
method in which the element is first separated as arsine. Nishimura and Imai 
have also published for several elements. Lead!™ is determined -by extraction into 
benzene of the dithizonate after a preliminary removal of indium as the bromo 
complex by isopropyl ether; however, results tend to be low. Gallium! is separated 
from indium by extracting the chloride into ether, after which the gallium is 
determined with Rhodamine B. Iron’ was also extracted as the chloride into 
ether and determined by 1:10-phenanthroline. Copper!® is extracted into chloro- 
form as the diethyldithiocarbamate and measured. Another procedure for copper is 
given by Busev and Bozenkova™ in which a sulfuric acid solution of the sample to. 
which nickel diethyldithiophosphate has been added is shaken with carbon tetra- 
chloride; the intense orange-yellow copper salt is extracted and measured. Peshkova 
et al.1®.!6 have determined nickel by extracting with benzene the complex with 
furil a-dioxime or, with better sensitivity, benzil a-dioxime. The methods applied 
to gallium (Sec. 3-26) by Biryuk” for antimony and by Goryushina and Biryukova” 
for sulfur have also been applied to indium. 

With ‘the exception of Peshkova et al.’s methods for nickel, which are in the 
5 to 50-ppb range, all these colorimetric procedures give sensitivities between 0.1 
and 1 ppm. | 

The fluorimetric method of Vladimirova and Kuchmistaya”™ for selenium (Sec. 
3-26) using 3,3’-diaminobenzidine has also been applied to indium, as have the 
procedures of Steffek”” (Sec. 3-26) in which lead and zine are separated by filter- 
paper chromatography prior to determination as the dithizonates. A turbidimetric 
method has been used by Vydra and Stulik’” for cadmium in which a precipitate is 
formed with iodide and 1:10-phenanthroline. 

Polarography has been extensively applied to the examination of high-purity 
indium. Dolezal'® used an ethylenediamine—potassium hydroxide base electrolyte 
for the simultaneous determination of copper, thallium, lead, and cadmium, but the 
sensitivity was not high; a lower limit of 0.02% was quoted for copper. Subse- 
quently,” the base electrolyte was changed to bis-(2-hydroxybutyl)-2-hydroxy- 
ethylamine and sodium hydroxide for separation of the last three impurities. 

The method of Pohl” for copper and cadmium in gold (Sec. 3-26) was claimed to 
be applicable to indium. This procedure, in which the gold was extracted as the 
bromide by diisopropyl ether, was adapted by Pohl and Bonsels!” to a more 
comprehensive analysis of indium. Three groups of analyses were carried out: 
(1) a hydrobromic acid solution of the sample was extracted with diisopropyl 
ether to remove indium and the aqueous solution treated to obtain a tartrate base 
in which bismuth, copper, and lead were determined; (2) the same extraction was 
made but the aqueous layer treated to yield an ammonia base in which copper, 
cadmium, and zine were determined; and (3) a hydrochloric acid solution was 
extracted with diisopropyl! ether (indium chloride is not extracted) and dissolved in 
tartrate base in which iron and thallium were determined. Since 5-g samples 
. can be used, sensitivities down to 10 ppb can be achieved. Towndrow et al.!” 
separated zinc from indium in hydrochloric acid. solution on a cellulose column; 
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the eluate containing zinc was evaporated and then dissolved in ammonia tor 
polarography. The sensitivity was about 10 ppm. Kopanica and Pribil!” masked 
the indium with 1,2-diaminocyclohexane-NNN’'N’-tetraacetic ‘acid in ammonia 
buffered to pH 2.7 to 3.5. Under these conditions, cadmium is displaced from its 
complex by thorium and can be determined. By using triethylene tetramine- 
hexaacetic acid (TTHA), Conradi and Kopanica!® were able to determine copper, 
lead, cadmium, and bismuth in the presence of indium; they recommend removing 
the bulk of the indium by an ether extraction of the bromo complex before this 
determination, and thallium can be determined after stripping from this organic 
phase. Musil and Kopanica’ later found that the more readily available ascorbic 
acid could be used in: place of TTHA; the sensitivity in both was about 10 ppm. 
‘Molybdenum was determined by Bikbulatcva and Sinyakova™ in a sulfuric-nitric 
acid base electrolyte from its catalytic nitrate wave at a sensitivity of 20 ppb. 

These conventional polarographic techniques require some preconcentration 
step to achieve a useful sensitivity. More sensitive instrumentation has been 
applied to the problem. Shirai!’ used an alternating-current polarograph to 
determine cadmium, lead, and zinc by using a phosphoric-nitric acid base electrolyte, 
and Ishibashi et al.!”” used a similar instrument to determine cadmium and lead 
but with a perchloric-nitric base. In both cases, indium can be tolerated in the 
same solution. The square-wave polarograph has been applied by Kaplan and his 
coworkers to a number of determinations in indium. For copper,!” as little as 0.1 
ppm can be determined in a phosphoric-nitric acid base without separating the 
indium. For tellurium® and selenium, the methods applied to gallium (Sec. 3-26) 
were used also for indium; the impurity was coprecipitated with sulfur prior to. 
polarography in acid potassium chloride. For thallium,!” a direct method using an 
-ammoniacal EDTA base electrolyte was sensitive to 2 ppm; a tenfold increase can 
be achieved by a preliminary extraction of the chloride into ether and the use of a 
phosphoric-sulfuric acid base electrolyte. Nishimura and Imai! extracted the 
indium as its bromo complex into isopropyl] ether prior to determining lead, cadmium, 
and zine in a phosphoric acid medium by square-wave polarography. The sensitivi- 
ties were about 1 ppm. 

Stripping or amalgam salnroriplin is attractive in that the preconcentration step. 
is carried out in the same vessel and medium as the polarography. Sinyakova et 
al.18 used a preliminary isopropyl ether extraction of indium bromide before elec- 
trolyzing copper, lead, cadmium, and zinc into a hanging-mercury-drop electrode 
(HMDE). The subsequent anodic wave was capable of detecting as little as 10 ppb 
in the sample. A similar sensitivity was obtained by Stepanova et al.’*' for ger- 
manium by a preliminary extraction of the chloride into carbon tetrachloride 
followed by stripping polarography on an HMDE. Mesyats et al. have described 
methods for thallium,!* in which 20 ppb can be determined with a preliminary con- 
centration. of thallium chloride into ether, and for copper; * this latter is a direct 
procedure in phosphoric acid with a sensitivity of 40 ppb. Detailed methods for 
the determination of zinc, cadmium, tin, lead, copper, thallium, and bismuth using — 
stripping polarography are given by Kane.® The sensitivities vary from 00 ppb 
- upward. 
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No methods have been published for the activation analysis of indium presumably 
because of its high capture cross section. 

Oxygen, nitrogen, and hydrogen were determined by Vasil’eva et al.*? in indium 
by vacuum fusion using a dry bath; the sensitivity was 10 ppm for oxygen. 

For a general survey of the purity of this metal, the broad coverage of the spectro- 
graphic methods is preferred. Hyman has described two solution methods: the 
first,‘8 using the porous-cup technique, was intended for alloying constituents in 
the 0.10% range or higher, but the second!® has sensitivities as low as 5 ppm. A 
solution of the sample is evaporated on a graphite electrode and excited by a high- 
voltage ac arc. Lead, tin, silver, copper, zinc, iron, gallium, and nickel were 
determined quantitatively by using bismuth as the internal standard. Mercury was 
determined at a level of 0.1. ppm by Porkhunova et al.!8 by evaporating in an ac | 
arc, essentially a fractional volatilization. To determine lead, Nazarenko et al. 
dissolved the sample and coprecipitated the lead with strontium sulfate; the 
precipitate was mixed with carbon and arced using bismuth as an internal 
standard. Neeb® applied his distillation procedure for zinc, described earlier as 
applied to gallium (Sec. 3-26), to indium with a comparable sensitivity. Caldararu!®’ 
devised a method for several impurities at sensitivities as low as 3 ppb. A pre- 
concentration was carried out by dissolving the sample in hydrochloric acid, 
extracting the indium bromide into ether, and concentrating the aqueous solution 
to dryness on a carbon electrode. The split-burn technique has been applied to 
indium as well as gallium, and the sensitivity levels are comparable. Full details 
are given by Kane.” 

Mass spectrography, as might be expected, can be applied to this metal rather. 
more easily than to gallium since it is a solid. Full details of the procedure are given 
by Kane® and are essentially the same as those given in Sec. 5-4. 


3-34. PRODUCTION OF HIGH-PURITY ANTIMONY 


Unlike germanium, gallium, and indium, antimony has been known for many 
centuries and was identified as a metal in the sixteenth century. It is widely 
distributed in nature and commonly occurs as stibnite, the sulfide Sb.S3. Since its 
preparation is so well documented, it is not intended to deal with it here in any 
ereat detail nor to dwell at any length on the analytical methods used in deter- 
mining the element in ores and concentrates. However, some background will be 
useful in assessing possible contaminants in the element. Fuller descriptions can be 
found in standard works such as Kirk-Othmer.*® 

The low-grade (5-25% Sb) ores are concentrated by roasting. The sulfide is 
oxidized by heating in a furnace with coke to form the volatile trioxide, which 1s 
collected in a condenser or precipitator. Arsenic trioxide, being more volatile, can be 
removed in this stage. For more concentrated ores, the sulfide can be separated 
from the gangue by liquation. The antimony trisulfide liquefies at 500 to 600° 
and can be run.off from the bottom of a reverberatory furnace. The residue, 
containing 12 to 30% Sb, can be volatilized as any other low-grade ore. 

The concentrated oxide or sulfide is converted to the metal by smelting. The 
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richer, liquated ores can be heated with iron, which displaces antimony to form a 
matte of.iron sulfide which can be separated from the metallic antimony. The 
intermediate-grade ores are smelted by techniques similar to those for lead; that is, 
the roasted sulfide ores or oxides are reduced in water-jacketed blast furnaces with 
coke to form the metal, which is separated from the slag in a heated forehearth. 

This crude antimony typically contains about 95% Sb with considerable amounts 
of iron, sulfur, and arsenic. It is refined by slagging, in which, for example, a 
‘mixture of sodium sulfate and charcoal is added to the molten metal. The iron 
(and any copper) forms the sulfide, and arsenic is converted to arsenate; both are 
' carried off in the slag formed. Sulfur can be removed by adding antimony oxysulfide. 
Lead is difficult to remove and is usually avoided by choosing suitable ores. The 
metal which results is typically 99.1 to 99.9% pure with arsenic contents less than 
0. 1%. Other principal impurities will be lead and sulfur. — 

- Purification of this commercial metal to the high purity required by the semi- 
conductor industry has been reviewed by Haberecht.’ Several procedures are 
mentioned, but the preferred technique is zone refining. Tanenbaum et al.}* 
started with commercial 99.8% metal and, after seven passes in an atmosphere of 
nitrogen, significantly reduced the spectrographic impurities to nondetectable 
levels. Arsenic was not affected; its segregation coefficient is close to unity. By 
starting with antimony trichloride, distilling from hydrochloric acid, and then 
reducing with carbonyl iron, they were able to obtain a substantially arsenic-free 
metal. After 10 passes in a zone refiner, the only impurities detected were zinc 
and arsenic at the 0.1-ppm level.. An alternative method of removing arsenic is 
described by Haberecht.' Aluminum is added as a scavenger in the zone-refining 
process and, after six passes, carries the arsenic to the back of the ingot. By 
removing the last-to-freeze portion and subjecting the remainder to six further 
passes, a material was obtained with less than 1 ppm total spectrographic impurities. 
As Haberecht points out, this does not take into account such nonmetallic impurities. 
as carbon, which may have significant effects on the final III-V product. 


3-35. ANALYSIS OF HIGH-PURITY ANTIMONY 


Many colorimetric methods have been devised for specific impurities. Nazarenko 
et al.,® after dissolving the sample, reduced it with zinc in a stream of hydrogen 
and separated the arsenic as arsine; the evolved arsenic was absorbed in a mercuric 
chloride solution and determined by. the molybdenum-blue method. Maekawa et 
_al.! retained arsenic in solution during the solution of antimony in aqua regia by 

adding metallic copper ; the arsenic is then coprecipitated with iron as the hydroxide, 

reduced to the arsenous form, extracted into chloroform, and determined as 
~ molybdenum blue. Kowalczyk! also used a molybdenum-blue finish after separat- 
ing the arsenic as.arsine; he used hydroxylamine as the reductant. Nazarenko and 
Flyantikova®” removed the matrix as antimony tribromide prior to determining 
silicon by the molybdenum-blue procedure: Klein and Skrivanek™ determined as 
little as 1 ppm gallium by removing the antimony by sulfide precipitation and 
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reacting the filtrate with malachite green. Copper was determined by Provaznik and 
Knizek!® with a sensitivity of 0.5 ppm by extracting the diethyldithiocarbamate 
into chloroform, and Ishihara and Koga! determined it with neocuproine after 
first removing antimony as the bromide or masking it as the citrate. Steffek!” 
separated copper and iron from antimony by paper chromatography and. deter- 
mined copper as the diethyldithiocarbamate and iron with salicylaldoxime or 
salicylic acid. Iron was determined by Lipshits et al. as the 2,2’-bipyridyl. com- 
plex. An indirect method for lead was used by Zaglodina;™ after volatilization 
of the antimony as the bromide, lead was precipitated as the chromate and this 
iatter determined with diphenylcarbazide. A similar method was applied by 
Nazarenko et al.2° for the determination of chromium. A test for the heavy-metal 
content was devised by Haberli,*! in which a succession of aliquots of dithizone in 
carbon tetrachloride was shaken with the sample solution until one remained 
colorless; the volume was a measure of the contamination and was calibrated against 
a known addition of zinc. Goryushina and Biryukova’s” method for sulfur, which 
was mentioned for both gallium (Sec. 3-26) and indium (Sec. 3-33), was applied 
also to antimony after its removal as the bromide. 

_ The fluorimetric procedure” for selenium (Secs. 3-26 and 3-33), in which the 
3,3’-diaminobenzidine is extracted into toluene, has been applied to antimony. A 
fluorimetric method for aluminum is described by Nazarenko et al.2 Great care is 
taken to remove antimony prior to reaction with 1:10-phenanthroline by evaporat- 
ing with hydrobromic acid, extracting the chloride with an organic phase, and 
finally masking any remaining traces with iodide. A sensitivity of 50 ppb is claimed 
for this procedure, an order of magnitude better than the preceding colorimetric 
procedures. 

A few polarographic methods have been described.. Conventional polarography 
was applied by Aref’eva and Pats?” to the determination of copper, cadmium 
zinc, and nickel in an ammonia—ammonium chloride base after removal of the 
antimony as the bromide; cobalt: could also be determined by isolating it first as 
the 1-nitroso-2-naphthol complex and lead by removing other interfering elements 
with iron. Pohl” claimed that his method for copper and cadmium in gold (Secs. 
3-26 and 3-33) could also be applied to antimony. A rapid method for tin is 
described by Sulcek et al.,2 in which a preliminary separation is made on a silica 
gel column; the base electrolyte is acid ammonium chloride, and a sensitivity of 5 
ppm is claimed. The same procedures described earlier for gallium (Sec. 3-26) and 
indium (Sec. 3-33) were applied by Kaplan and his coworkers to the determination 
of tellurium® and selenium* in antimony; the impurities were coprecipitated with 
sulfur and examined by using the square-wave polarograph. Lysenko™ extracted 
the antimony from solution as the acid chloride into butyl acetate and determined 
bismuth, copper, lead, cadmium, indium, and zinc on the aqueous residue in an 
acid potassium silouide base using an ac polarograph} sensitivities between 1 and 9) 
ppb were possible. Stripping polarography was used for the determination of lead 
by Provaznik and Mojzis.% The antimony was first fumed off as the bromide, and 
the residue submitted to a preliminary electrolysis using a sessile mercury cathode 
followed by a fast anodic scan. A sensitivity of 0.6 ppm was obtained. Although 
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not stated, the method given by Kane® for indium antimonide (see Sec. 5-8) could. 
also be applied to antimony; this is a stripping polarographic method for zine, 
indium, cadmium, tin, lead, copper, thallium, and bismuth using a hanging-mercury- 
drop electrode. | 

A coulometric method for determining micregram amounts of aluminum has 
been applied by Kostromin and Akhmadeev; the impurity is precipitated as the 
8-hydroxyquinolate, and this organic fraction titrated with Blecmony cally gen- 
erated permanganate. 

Activation analysis has been used to determine very-low-level impurities. 
Kulak2* determined nickel, copper, cobalt, tellurium, and arsenic in the low-ppb 
range by a radiochemical separation. Zone-refined antimony was examined by 
Rakovskii et al.2” for phosphorus, chromium, manganese, copper, zinc, gallium, 
and arsenic using chromatographic separations as well as the more conventional 
chemical separations. The radiochemical separation of these elements is described 
also by Alimarin et al.® Iron was determined at the 0.5-ppm level by Simkova et 
a].298209 by: precipitation as the sulfide and subsequent ion exchange to achieve 
radiochemical purity; only 0.5 ppm sensitivity was claimed with a flux of 7.5 & 10” 
neutrons/(em?) (sec). Artyukhin et al. eliminated antimony from solution follow- — 
ing irradiation by extracting the pentachloride with 6,6’-dichlordiethyl ether. The 
impurities remaining in the aqueous phase were separated by ion exchange. Copper, 
cobalt, zinc, indium, arsenic, tin, and tellurium were determined at levels as low as 
10 ppb in a high-purity sample. 

In common with all other high-purity materials, the most useful techniques are 
those which give a review of the impurities. Emission spectrography was applied 
by, among others, Yudelevich et al." and Knipe?” to the analysis of antimony, but 
their methods were aimed at the fractional percentage ranges. Jones? analyzed 
high-purity material using arc excitation and was able to achieve better than 10 
ppb sensitivity for some impurities without pretreatment. Lysenko used the 
same extraction with butyl acetate described above for the polarographic determina- 
tion as.a preconcentration step in emission spectrography ; using.carbon powder as 
_a buffer, he obtained a sensitivity of 0.5 ppb for 15 metallic impurities. Copper was 
determined by Kowalezyk?"* by depositing it electrolytically on the tip of a graphite 
electrode prior to arcing. In common with most of the other semiconductor metals, 
the split-burn technique has been applied to antimony and is described by Kane.® 
Further details will be found in Sec. 5-3. 

A flame photometric method was used by Nazarenko et al. to determine 1 ppm 
calcium; the antimony was removed as the tribromiide and the ignited residue 
dissolved in water before being aspirated into the burner. Calcium has also been 
determined, along with the alkali metals, by this same technique by Neeb,?“ who 
removed the antimony by distillation in a stream of chlorine. His sensitivity was 
about 0.1 ppm. 

Hannay and Ahearn’s original paper”® on the application of the solids mass 
spectrograph. included results on a sample of antimony containing 100 ppm arsenic, 
but, rather surprisingly, there appears to be no subsequent reference to this applica- 
tion. Undoubtedly it has been used, and the method described in Sec. 5-4 would be 
suitable. 
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3-36. PRODUCTION OF HIGH-PURITY ARSENIC 


Like antimony, arsenic has a history dating back many centuries. The oxide was 
known medicinally even before Albertus Magnus separated the metal in the 
thirteenth century.’ It is wisely distributed in nature and is obtained commercially 
as a by-product in the smelting of ores for copper, silver, gold, lead, nickel, and 
cobalt. The crude oxide is recovered in the flue dusts. Details will be found in 
Kirk-Othmer?!” and other standard works. Metallic arsenic is obtained from this 
oxide by reduction with charcoal. . | 

The purification of the metal has been reviewed by Blum,?!8 who lists the following 
methods which have been used: 


. Vacuum sublimation. 

; Sublimation in hydrogen at elevated temperatures. 

. Distillation from lead arsenic solutions. | 

Growth of arsenic single crystals by Bridgman technique. 
. Reduction of arsenic trioxide. 

. Reduction of arsenic trichloride. 

. Thermal decomposition of arsine. 

. Electrodeposition. 

. Vapor zone refining. 

. Zone refining of arsenides. 
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Ot these, Beau?’ recommends method 5, carrying out the reduction in a stream 
of hydrogen in the vapor phase. A second sublimation yields material of 99.999% ; 
the main impurities are silica and carbon with less than 20 ppb of sulfur. Brau?° 
Obtained very-high-purity material by what was essentially a combination of 
methods 5 and 3. Redistilled arsenic trichloride was reduced in the vapor phase in a 
stream of hydrogen. The condensed arsenic was sublimed in the apparatus shown 
in Fig. 3-9. The metal was heated at 600°C and the lead held at 400°C. The 
purified arsenic solidified in the upper bulb. By using radioactive tracers, it was 
shown that an initial concentration of sulfur of 3.6 X 10 atoms/cm’ could be 
reduced to 3.9 X 10“ by this treatment and carbon from 4 X 10" to 1.7 K 10%. 
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Fig. 3-9. Purification of arsenic. (From Brau.) 
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3-37. ANALYSIS OF HIGH- PURITY ARSENIC | 


The published methods for analysis of high-purity arsenic are all comparatively 
recent and reflect the growing importance of gallium arsenide. 

A number of colorimetric methods have been devised by Kristaleva and her 
coworkers. Antimony”! was complexed in hydrochloric acid solution with Brilliant 
Green and the complex extracted into benzene, toluene, or xylene for measurement. 
Tron”! was determined with o-phenanthroline and copper™! with diethyldithio- 
carbamate, both in aqueous solution. Bismuth”? was determined after the removal 
of arsenic by distillation as arsenious chloride in the presence of hydroxylamine; 
the bismuth was complexed with thionalide, extracted into chloroform to remove 
interferences, and then returned to aqueous solution for measurement. Phos- 
phorus’ was determined as molybdenum blue after removal of the arsenic as the 
bromide and extraction of the phosphomolybdate into ether. Goryushina and — 
Esenina criticized this procedure and modified it to ensure essentially complete 
removal of the arsenic before reaction with the molybdate. Goryushina and 
Biryukova™ also applied their sulfur procedure (Secs. 3-26, 3-33, and 3-35) to | 
arsenic after its removal as the bromide. The methods that Knizek et al. used for © 
gallium (Sec. 3-26) were also applied to arsenic; iron® was reduced and extracted 
into chloroform as the bathophenanthroline complex, copper” as the neocuproine 
complex. Roberts et al.” removed the arsenic by heating the sample with hydro- 
chloric ‘acid and bromine dissolved in carbon tetrachloride (to moderate the reac- 
tion); the residue is reacted with molybdate and extracted into n-pentanol to 
determine silicon. As usual, nee methods have sensitivities in the 0.1- to 1-ppm 
range generally. — . 

The fluorimetric method of Vladimirova and Kuchmistaya” (Sees. 3-26, 3-33, and 
3-35) for selenium, in which the 3,3’-diaminobenzidine is extracted into solucne: 
has also been applied to arsenic. Tellurium was also determined by Vladimirova et 

al.?> by extracting the diethyldithiocarbamate into carbon tetrachloride, evaporat- 
ing, redissolving, reacting with butylrhodamine, and determining its Ausrescente 
as a benzene—butyl acetate extract. 

The polarographic method for copper and cadmium suggested by Pohl’ as 
applicable to gallium (Sec. 3-26) was also stated to be applicable to arsenic. Copper. 
and iron were separated on an ion-exchange column, eluted in a tartrate electrolyte, | 
and polarographed by Rozanova and Kamaev. 20 The stripping polarographic 
method of Provaznik and Mojzis,® using a sessile-drop electrode and described for 
the determination of lead in gallium (Sec. 3-26) and antimony (Sec. 3-35), was 
applied also to arsenic. The same technique, using a hanging-mercury-drop elec- 
trode, was used by Kataev et al.?”.?2 for determining copper and lead. After 
solution in potassium hydroxide, the impurities were plated into the drop at 1.0 volt 
for 30 min and the cell then scanned anodically. Sensitivities of 0.2 ppm for lead 
and 0.08 ppm for copper were obtained. 

Activation analysis for chlorine, phosphorus, and sulfur was carried out by 
Niese”. by radiochemical separation. The effect of interfering reactions was 
determined by duplicating the analysis in thermal-neutron and fast-neutron fluxes. 
. A method for copper has been devised by Nizet et al. in which the irradiated 
sample was precipitated as barium. arsenate, the filtrate’ passed over an anion- 
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exchange resin, and the copper precipitated as the sulfide and electrolyzed. About 
0.1 ppm was determined in a 140-mg sample. 

An emission spectrographic procedure was devised by Mack?! in which the 
arsenic was first removed by the method used above by Roberts et al.” for their 
silicon determination. Gallium was added as a carrier during- evaporation, and 
zinc, cadmium, lead, aluminum, nickel, vanadium, titanium, and cobalt were all 
determined at the 0.5-ppm level. Kataev and Otmakhova”® separated copper, 
aluminum, iron, zinc, and magnesium on a cation-exchange resin and determined 
the concentration spectrographicallvy in the eluate. Sensitivities from 1 ppb for 
copper to 100 ppb for iron were obtained. A detailed procedure for determining 22 
elements in arsenic is described by Kane. 

Neeb’s flame photometric method” for calcium and the alkali metals which was . 
used for antimony (Sec. 3-35) has also been applied to arsenic. 

The solids mass spectrograph has been used by Brown et al.?* for the analysis of 
arsenic. 
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Materials Characterization 
in Single-crystal Growth 


4-1. INTRODUCTION 


The concept of materials characterization begins to play a more important role 
when the analyst is dealing with single crystals. The chemical purity or perfection 
_ of the single-crystal semiconductor is only one consideration. A complete evaluation 
or characterization of a material includes structural properties such as crystallo- 

graphic defects and physical properties such as mobility and lifetime. Electrical 


crystal will be ares Dopant solubility, distribution, and behavior during and 
after crystal growth are all important characteristics of the material. The analyst 
will find himself called upon to give analytical services both during the single- 
crystal growth and in the analysis of bulk materials, gases, and materials used in the 
single-crystal growth, such as graphite susceptors, boats, and furnace tubes and 
_parts. It is obviously outside the scope of this book to discuss techniques for the 
analysis of those materials not directly used in the single crystal itself. It is apparent 
that these materials are of exceptionally high purity and will in themselves require 
sophisticated techniques for their analyses. 

Crystal Quality. The single-crystal semiconductor must be of both high erystal- 
line perfection and high chemical purity. These requirements are vital to the entire 
semiconductor industry. The finished crystal may be cut and used directly for the 
fabrication of discrete devices and. integrated circuits. Imperfections of any type 
would be extremely detrimental to the overall quality of the finished devices. These 
finished crystals could also be cut, polished, and used directly for substrates for the 
growth of high-perfection epitaxial layers (Chap. 8).. Here again any physical im- 
perfections in the single-crystal-substrate would be propagated from the bulk sub- 
strate directly into the epitaxial layer. 

Since the electrical behavior of single crystals is so highly sensitive to the quality 
of the crystal structure and the chemical purity, the analytical chemist can expect 
stringent demands on his services. This is particularly true in the study of the 
intrinsic properties of semiconductors, where the crystal must be as nearly perfect, 
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in.all respects, as possible. There is good reason to believe that new devices based 
on excitons or electron-hole pairs are possible only in these extremely pure intrinsic 
single-crystal materials.. This area of application of semiconductors is only now in 
its infancy but will grow rapidly, and the analyst must be ready. 


4-2. CRYSTAL-GROWTH TECHNIQUES 


The techniques for obtaining high-purity single crystals with high physical per- 
fection have received a large amount of attention during the growth of the semi- 
conductor industry. Since virtually every semiconductor device produced uses a 
single crystal, it is obvious that it is necessary to have rigorous analytical control 
and examination of both the crystal-growth process and the finished crystal itself. 

Although there are many methods of growing crystals, they all fundamentally 
involve crystallization of the semiconductor in a very pure form and in a crysiallo- 
graphically perfect arrangement. This crystallization can take place from the melt 
or from the vapor. On examination of the various methods now used, it is generally 
found that each semiconductor (e.g., silicon, gallium arsenide, silicon carbide) is 
grown by a slightly different method to optimize crystalline perfection and ease of 
growth. It should be obvious that the compound semiconductors such as gallium 
arsenide, indium antimonide, and indium arsenide must be synthesized before 
single-crystal growth, while the elemental semiconductors can be grown directly. 


4-3. ELEMENTAL SEMICONDUCTORS 


Silicon and germanium are by far the most important semiconductors in use 
today. There is little doubt that this situation will stand for a very long time, and 
the analytical chemist can expect to be asked to analyze even higher-purity crystals 
with better crystalline perfection in the coming years. Since these two materials 
are now in volume production, their crystal-growing techniques have reached a high 
degree of perfection. 

Vertical-pull Method. This crystal-growth technique is often referred to as the 


Czochralski method, even though Czochralski" originally developed the method to ~ 


study - the speed of crystallization of various metals..Teal and Little? modified this 
technique and applied it to the growth of silicon and germanium single crystals 
(see Sec. 1-2): 

In general, this vertical-pull technique starts by preparing a melt of the semi- 
conductor in a quartz or graphite crucible. A small, oriented single crystal of the 
semiconductor is introduced into the.top.of the melt, and then the seed crystal is 
rotated while being slowly withdrawn from the melt. The heat input to the melt and 
the rate of pull of the crystal from the melt are adjusted to yield the desired crystal 
shape and size. A schematic of a typical vertical-pull apparatus is shown in Fig. 4-1. 
As can be seen, the heating is usually carried out by a large radiofrequency generator, 
and the molten material is protected by maintaining a positive pressure of very- 
high-purity helium or argon over the melt. Figure 4-2 shows some typical semi- 
conductor crystals obtained by this vertical-pull technique. | 


+Superscript numbers indicate References listed at the end of the chapter. 
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Fig. 4-2. Some typical semicon- 
ductor crystals grown by the Teal- 
Little method. (Courtesy of George 
R. Cronin, Texas Instruments In- 
corporated.) 
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The growth of single crystals by vertically pulling the crystal from the melt has 
several advantages over other techniques with regard to impurity distribution in the 
crystal. “The continuous stirring-by,the rotating crystal maintains_a. fairly uniform 
distribution. of impurity in the. mele ‘Simultaneously the large temperature differ- 
ential at the solid-liquid interface minimizes the movement or diffusion of impurities 
from the melt into the single crystal. This was the original method‘ used for the first 
commercial production of silicon devices. 

The vertical puller does not lend itself to the growth of long, uniformly doped 
single crystals because the dopant or impurity concentration in thé melt is constantly 
changing. As a result the crystal will show an impurity-concentration. difference 
that will be graded from the top to the bottom of the crystal. The concentration of 
impurity over the length of the pulled crystal is described by the equation 


Le = hE — x)e (4-1) 


where Cy) = initial concentration in melt 
C’, = concentration at any point x, where «x is the fraction of the original 
volume which has solidified : 
k = effective segregation coefficient © 

The effective segregation coefficient is slightly different for each apparatus and for 
each set of pull conditions; and to overcome the difficulty ‘of producing large, uni- 
formly doped single crystals, the horizontal-zone-refining technique was developed. 
Horizontal Zone Refining. ‘This technique is sometimes referred to as zone level- 
ing because of its ability to yield uniformly doped single crystals. In this method, 
_ shown schematically in Fig. 4-3, only a narrow band of the semiconductor is melted. 
This molten zone is then slowly moved down the length of the boat. If a single 
crystal seed were placed at the front end of the boat and its tip made part of the 
- initial melted zone, then the entire length of the semiconductor in the boat would be 
_ grown single crystal. Similarly, if a known amount of dopant or impurity had been 
‘introduced into the initial melted zone, it would have been distributed through the 

length of the crystal according to Eq. (4-2), developed by Pfann.® 
_C = kC ge | (4-2) 


where C’ = concentration in solid 
Cy) = initial concentration in solid 
k = effective distribution coefficient 
L = length of molten zone 
x = distance zoned 
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The horizontal-zone method has become the major technique used in the produc- 


_ tion of single-crystal germanium. One of the big advantages of this technique is the 
ease with which large crystals of uniform cross section can be produced. While there 
_ is a large risk of contamination from the large crucible or boat area used, it is rela- 


tively easy to dope the crystal and obtain a large amount of uniformly doped ma- 
terial from any one run. | 


Veitical Zone Refining. In cases in which crucible contamination is a problem, or 


-intwhich highly reactive materials are being grown, it is possible to ‘‘float zone”’ the 


ingot. This is shown schematically in Fig. 4-4, where a small section of the ingot is 
melted and this melted zone slowly moved down the bar, thus effecting zone refining. 
The small melted zone is held in place by surface tension of the liquid. The impuri- 
ties move either into the molten zone or the back, freezing section, depending on 
whether the segregation coefficient is greater than or less than 1. The distribution of 
impurities is also described by the same equation (4-2) as that given for horizontal 
zone leveling. | | 

If the initial melt is seeded with a single crystal, this vertical-float-zone method 
will grow single crystals. This technique will yield high-quality materials, and large 
silicon crystals of 2 to 2.5 in. diameter are now being produced for device fabrication. 
Mechanical vibration or change in zone-leveling conditions can result in loss of the 
molten zone. 


4-4. COMPOUND SEMICONDUCTORS 


The growth of single-crystal compound semiconductors must of necessity include, 
or be preceded by, a synthesis step. Since every effort has been made to purify the 
elements prior to this synthesis, this extra handling step before single-crystal growth 
presents a potential source of contamination. For this reason, the preferred growth 
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technique is in situ synthesis and single-crystal growth at the same time. Tech- 
niques used for the preparation of single-crystal III-V compounds (for example, AIP, 


GaAs, InSb) have been described by various authors,® and basically the growth 
techniques are similar to those used for silicon and germanium. 

Vertical Pull. The Teal-Little or Czochralski technique is generally directly 
applicable to the growth of the antimonides AlSb, GaSb, and InSb, because they 
have low melting points. The compounds can be synthesized by weighing stoichio- 
metric amounts of the elements into the crucible, melting, and then introducing a 
seed and pulling a crystal by using the germanium single-crystal-growth techniques. 

The III-V compound arsenides and phosphides present other problems because of 
their high vapor pressure at the melting point. It is necessary to grow the erysial in 
a sealed chamber with the vapor pressure adjusted to the equilibrium vapor pressure 
(InAs 0.3 atm, GaAs 0.9 atm, InP 60 atm, and GaP 50 atm). The problems of seal- 
ing these chambers and providing means of heating all the walls to control the vapor 
pressure and prevent condensation make the crystal-growth apparatus very con:- 
~ plex. However, good single crystals of InAs and GaAs are now routinely grown in 
production areas. 

Horizontal Crystal Growth. The only direct application of the horizontal-zone- 
leveling technique to the III-V compounds, as developed by Pfann,” has been to the 
antimonides. As discussed by Richards,* a modified technique has been applied to 
gallium arsenide but has not been widely used. The more accepted horizontal- 
growth technique used for gallium arsenide is the Bridgman. technique.? In ‘this - 
technique, illustrated in Fig. 4-5, the boat or the furnace is moved so that a tempera- 

ture gradient exists across the crystal. This allows a gradual solidification of the 
- molten crystal. Some of the best melt-grown gallium arsenide ever produced has 
been from the horizontal Bridgman technique (high 10" to low 10% carriers/cm'). 
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Fig. 4-5. Schematic showing crystal growth by the horizontal Bridgman technique. (From Woodall.:°) 
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_. Mapor Transport. This method of crystal growth is almost exclusively restricted 
re epitaxial-layer growth (Chap. 8). However, certain of the III-V compounds 

with extremely high vapor pressures, such as InP or GaP, lend themselves more to 

- this type of crystal growth than to the normal Czochralski or horizontal Bridgman 

methods. Basically, the vapor-transport method makes use of the high volatility 

of the halides, the fact that chlorine is a neutral impurity, and the fact that lower 

chlorides and iodides of indium and gallium. are not parucularly stable compounds. 
The general equation describing the process is 


SMX; + 2NY = 8M™X;5 + oMMINY 


where X = halide 
M = In or Ga 
N = Por As 
The reactants are sealed in a gaan tube wd placed i in a furnace with a tempera- 
ture gradient. The compound is deposited, in polycrystalline form, at the coolest 
spot of the reaction tube. 


4-5. DOPANT OR IMPURITY BEHAVIOR 


The materials scientist attempts to alter the electrical characteristics of the single 
crystal during growth to meet the needs of the user. The crystal may be intended for 
substrates for epitaxial deposition for use in the fabrication of integrated circuits. 
In this case the crystal would be required to be heavily doped (in the order of 10¥ 

earriers/cm?) and free of physical imperfections that would be propagated into the 
epitaxial layer. Another crystal might be intended directly for device fabrication, 


Fig. 4-6. Resistivity as a 

function of carrier concentra- . 

| tion for silicon and gallium 
arsenide. | 
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and the doping level would have to be adjusted to the 1 to 10 ohm-cm level for — 
silicon and germanium (10“ to 10" carriers/em?). If high-resistivity material were : 
required, then a “trap” such as gold in silicon (in the order of 10% atoms/cm?) or 
chromium in gallium arsenide (10 atoms/cm’) would be introduced into the crystal 
during the growth. . . | 
Figure 4-6 shows a graph relating resistivity to carrier concentration that the 
materiais scientist would use to correlate resistivity and doping concentration for a 
particular crystal. For any type of dopant, say p-type silicon, the choice of boron, | 
aluminum, gallium, or indium would be up to the device engineer or the person re- 
questing the crystal. Each of these doping elements has a different energy level and | 
although all are acceptors, each dopes in a slightly different manner. For example, 
in silicon, the indium energy level is 0.16 ev above the valence band, while the boron 
level is only 0.045 ev above the band edge. It follows that the probability of an 
electron’s moving up from the valence band to the boron level requires less energy 
than fillmg the indium level. As a result boron would, under most circumstances, 
have a higher degree of electrical activity. Similarly, for n-type dopants which lie 
below the conduction band, it requires more energy to ionize the electron from a 
deep level into the conduction band than electrons from a shallow level. When these 
deeper-lying impurities are involved, a discrepancy can be expected. between elec- 
trical activity and chemical analysis. Surprisingly enough, this discrepancy becomes 
largest at the higher doping levels because of the interaction between the Fermi level 
and the doping concentration. The Fermi level is pulled toward the band edge with 
increasing dopant concentration. As the Fermi level approaches the band edge, the 
probability that the dopant states will be ionized decreases and the percentage of 
impurity atoms electrically active decreases. Figure 4-7 shows a computer-generated 
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Fig. 4-7. Effect of ionization level on the amount of electrically active impurity for zinc and 
manganese in gallium arsenide. A base donor concentration of 1 X 185° atoms/cm® was assumed. 
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‘curve showing percent ionized (amount that would be observed electrically) plotted 
versus actual concentration. In the case of gallium arsenide this discrepancy is en- 
hanced by the fact that n-type gallium arsenide becomes degenerate when the 
doping level reaches 4.9 X 10” donors/cm’. (A degenerate semiconductor no longer 
obeys classical Boltzmann statistics and occurs when the Fermi. level lies in the 
conduction band.) | 

The analytical chemist must be always cognizant of this expected variation or 
discrepancy between electrical and chemical analysis of a semiconductor material, 
particularly at higher concentrations. 


4-6. DISTRIBUTION OF IMPURITIES IN GROWN CRYSTALS 


During both routine production and research studies of single-crystal growth, the 
analyst is frequently called upon to determine the distribution of an impurity or 
dopant. If the analyst is working closely with the materials scientist, it is imperative 
that he have at least a working knowledge of impurity distributions. The materials 
scientist will rely heavily on the judgment of the analyst with regard to statistical 
analysis of the chemists’ analyses and how this variation compares with that ob- 
served in analyses of samples from top, middle, and bottom of the crystal. Since the 
analyses will probably be in the 0.001- to 10-ppm range, the analyst must:be able to 
recognize anomalous behavior of the dopant even at these concentration levels. 


4-7.. DISTRIBUTION COEFFICIENTS + 


In any solid-liquid system, where slow freezing is occurring, the impurity distribu- 
tion is described by Ko, the equilibrium distribution coefficient. In semiconductor 
crystal growth every effort is made to prevent slow cooling and, in effect, set up non- 
equilibrium conditions. Asa result, if Ko < 1, the solid rejects the impurity into the 
liquid more rapidly than the impurity can diffuse into the solid. The solid interface 
then advances an impurity-enriched layer which builds up ahead of the interface 
(behind if Ky > 1). Because of this nonequilibrium buildup at the solid-liquid 
interface, the amount of impurity: freezing out is controlled at the interface and not 
by. the main liquidus body. Therefore, the distribution coefficient is controlled by 
the concentration in the solid C, and in the liquid C; and is now an effective segrega- 
tion coefficient (k) or a nonequilibrium segregation coefficient. It is this k which is 
‘used in all semiconductor crystal-growth studies. 

It should be obvious from the above discussion that, since k is controlled by the 
interface, it is very susceptible to changes in crystal-growth conditions. The value of 
k will be affected by the speed of crystal growth, crystal orientation, operator, and 
apparatus conditions. In any interpretation of analytical data, all these factors 
must be taken into account. Variations in the absolute value of the effective distri- 
bution coefficient between runs in a study of impurity behavior during crystal 
growth may well be explained by variations in growth parameters. 


{For complete derivations and description of distribution coefficients the reader should 
consult Pfann.’ | 
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4-8. CHARACTERIZATION PROBLEMS ENCOUNTERED WITH GROWN 
SINGLE CRYSTALS | 


In the chemical analysis of the grown-single-crystal semiconductor, the analytical 
chemist will generally be expected to provide results that can be used both to under- 
stand and to control the distribution of impurities and dopants. As mentioned 
earlier, this can be a formidable task, particularly when dealing with ultrapure un- 
doped semiconductors. Analyses of ultrapure silicon and germanium are particularly 
difficult because they are the most pure semiconductors currently in production. 
All n- and p-type impurities are less than 1 ppb, and lifetime killers such as gold and 
copper are a factor of 100 to 1,000 less. The levels of impurities in the melt-grown 
III-V semiconductors are in the 10- to 1,000-ppb range. 

The analytical techniques usually available for analysis in these concentration 
ranges are emission spectroscopy, mass spectroscopy, and radiochemical techniques. 
As discussed in Sec. 5-3, emission spectrographic techniques have been particularly 
useful with the III-V intermetallic compound semiconductors. Solids mass spec- 
troscopy has carried the brunt of the load in the analysis of all semiconductors be- 
cause of its broad coverage of all elements in one analysis. Neutron-activation 
analysis is by far the most sensitive, but is limited mostly to silicon and, in certain 
instances, germanium. As will be seen later in this chapter, radiotracer techniques 
have supplied the bulk of knowledge on the behavior of dopants and impurities 
during the growth of single-crystal semiconductors. 


4-9. SOURCES OF IMPURITY CONTAMINATION 


~ Growth of single-crystal semiconductors is almost always carried out ini quartz 
ccuvainers. As a result, the molten semiconductor comes in contact with the quartz 
and is contaminated by reaction with and/or dissolution of some of the quartz. 
- Silicon contamination is obviously not a problem in silicon single-crystal growth but 
is a serious problem with the LII-V intermetallic semiconductors since silicon is an 
electron donor.!! Kern! at RCA synthesized gallium arsenide in neutron-activated 
boats of both natural and synthetic quartz. The concentration and distribution of 
silicon were determined by utilizing the 2.6-hr silicon-31 isotope.. All crystals were 
found to have bulk concentrations of 1 * 10" to3 X 10 atoms/cm? and were com-. 
pletely enclosed by a silicon-rich surface layer (0.02 mm) containing up to 1,500:ppm 
of silicon. Other impurities observed in the gallium arsenide included copper, 
sodium; antimony, gold, and phosphorus. Contamination of gallium arsenide by 
impurities from neutron-irradiated quartz has recently been reported by Gensauge 
and Hoffmeister™ at much lower temperatures during diffusion studies. Similar 
_ diffusion studies with irradiated quartz in the Texas Instruments Incorporated lab- 
oratories“ have yielded similar results. Asa result, the quartz containers must be 
regarded as a large potential source of contamination during single-crystal growth. — 

_Ekstrom and Weisberg," in a study of sources of contamination, in: GaAs crystal 
growth, observed that several hours ‘of vacuum baking of gallium at 650°C in a 
quartz boat increased only the copper content. Significant quantities of copper and 
silicon were introduced during vacuum sealing of the quartz ampules. Back diffusion 
of a contaminated high-vacuum pump was observed. The most serious contamina- 
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Fig. 4-8. Autoradiograms showing carbon-14 
l | distribution in single-crystal silicon grown by 
/ | the Teal-Little method. Shaded areas are those 
! | surfaces used for autoradiography. 


RADIAL SECTION 


TRANSVERSE SECTION 


tion was found to be reaction of the GaAs melt with the quartz boat, which agrees 
with Kern’s work. Lithium in GaAs has also been reported to originate in the 
quartz boats.'® | | 
Silicon single crystals are sometimes grown from silicon carbide-coated boats. 
Seace and Slack!” have shown carbon solubility in silicon at the melting point to be 
of the order of 3 X 10 atoms/cm’. Carbon at this level would be a serious problem 
and would preclude the use of any carbon-containing boat or crucible with silicon. 
In order to determine the behavior of carbon in silicon,!® some carbon-14 labeled 
amorphous carbon was introduced into a silicon melt in a quartz crucible. The melt 
was stirred for about 1 hr, and then a single crystal was grown from the melt by 
using the Teal-Little method. The crystal was sectioned, and autoradiograms were 
run on the sections to determine the carbon-14 distribution. As can be seen in Fig. © 
_ 4-8, the carbon was rejected into the melt and was precipitated at the outer edge of- 
the crystal. An effective segregation coefficient of less than 1 X 107‘ was estimated 
in this work, which is close to the value of 0.005 reported by Newman and Willis.® 
-Ducret and Cornet” reported finding 500 to 2,000 ppm (1.2 * 10” atoms/cm’) 
carbon in different silicon semiconductor samples by utilizing their analytical 
method (see Sec. 5-6). Germanium ‘samples were also found to contain 5 to 10 ppm 
carbon. This method was based on the conversion of the carbon to carbon disulfide 
followed by the colorimetric determination of the amount of carbon disulfide. Dis- 
cussions following the paper indicated that other workers observed only 5 to 20 ppm 
carbon (1.2 X 10% atoms/cm’) by other analytical methods. Schink” subsequently 
reported an analytical method based on the oxidation of the carbon with a mixture 
of lead chromate and lead chloride. All silicon samples analyzed by Schink contained 
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at least 25 ppm carbon (3 X 10 atoms/cm?). Single-crystal float-zoned silicon 
showed the least amount of carbon (3 to 4 X 10'8 atoms/cm’), while crucible-pulled 
crystals contained 6.5 X 10'8 atoms/em*. Schink” feels that the carbon probably 
originates in the trichlorosilane and exists in the single-crystal silicon as elemental 
carbon. 


4-10. DOPANT SOLUBILITY IN A SEMICONDUCTOR 


Both electrical techniques and chemical analyses can be used to determine the 
solubility of an impurity in a semiconductor; Boltaks”? has given an excellent review 
of this topic. Basically, the semiconductor is saturated with a given impurity at a 
given temperature for a long period of time; then the concentration of impurity is 
determined. Fuller et al.,?? for example, used resistivity and Hall effect methods to 
study copper in germanium. The problem with the electrical techniques is that they 
are very susceptible to the presence of other electrically active impurities. 

Chemical analysis appears to offer the best method for determining impurity 
solubility, but accurate analysis at 1- to 100-ppm levels is difficult. Many 
workers™> have used radiotracer techniques and determined the impurity concen- 
tration, after equilibration, by counting the sample. It is, of eourse, possible to 
utilize activation analysis, but straightforward radiotracer techniques are more 
attractive where a useful radioisotope exists. 

In the radiotracer technique for determining impurity solubility, the equilibrated 
sample is quenched to room temperature and the sample assayed by conventional 
counting techniques. It is of little interest if precipitation ‘occurs during quenching, 
since the datum of interest is the solubility at the equilibration temperature. On the 
other hand, in single-crystal growth, it is important to be aware of any precipitation 
when determining maximum impurity solubility for a particular crystal-growth 
technique. 


4-11. CONSTITUTIONAL SUPERCOOLING DURING CRYSTAL GROWTH 


In studying the solubility of an impurity or dopant in a semiconductor it becomes 
apparent that there are two maximum solubilities to be considered. As discussed 
earlier, there is the maximum solubility for an impurity at each elevated tempera- 
ture, and it is of no interest that precipitation occurs on cooling to room’ temperature. 
On the other hand, during semiconductor single-crystal growth, where very heavy 
doping is required (e.g., material for Esaki diodes or heavily doped substrates for 
epitaxial-film growth), constitutional supercooling can occur. 

During single-crystal growth from an impure melt with a solute distribution co- 
efficient less than 1, solute is being continually rejected into the melt. At some point, 
dependent upon growth parameters, the concentration of impurity at the interface 
will be high enough to cause the onset of constitutional supercooling. Hurle® and 
Bardsley et al.” reported an excellent study of constitutional supercooling 
and applied the theory to heavily gallium-doped germanium. 

Some work in the Texas Instruments Incorporated laboratories * was carried out 
on the maximum amount of tin that could be incorporated into gallium arsenide as 
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an efficient dopant using radioactive tin-113 tracer. Initially, two [115] oriented tin- 
doped crystals were grown by a vertical-pulling technique in the 10” and 10% con- 
centration ranges. The. rate of withdrawal of the crystal was 0.5 in./hr. The [115] 
orientation was chosen since previous experience in these laboratories indicated that 
the best uniformity of dopant distribution was associated with the [115] orienta- 
tion. The elemental tin added to the melt was tagged with radioactive tin-113 to’ 
determine the actual tin concentration and its uniformity of distribution. Hall bars 
were. cut from each slice and the tin concentration determined by radiochemical 
gamma-counting techniques. The net carrier concentration was then See 
by conventional Hall coefficient measurements. 

The crystal doped in the 10!”/cm? range showed good correlation between electrical 
activity and radiochemical concentration, indicating normal donor behavior as high 
as 4.5 X 10” atoms/cm®. The 10'8/cm? crystal showed 30 percent lower electrical 
activity than the radiochemical concentration would indicate. This electrical in- 
activity might be explained by onset of tin. amphoteric behavior or inaccuracies 
inherent in electrical measurements on degenerate semiconductors. | | 

Autoradiograms made from several representative slices from the 10"”/cm crystal, 
cut perpendicular to the growth direction, showed no irregularities; i.e., no evidence 
of precipitation, faceting, growth striations, or other indications of nonuniform tin 
distribution. Figure 4-9 shows three typical autoradiograms made from the second 
crystal (10% range). There is evidence of tin precipitation starting at 2.6 1038 and 
pronounced precipitation when the tin concentration was 3.9 X 10% atoms/cm’. 
Close examination of the darkened area in the third autoradiogram, which has the 
outward appearance of a facet, discloses what is probably dendritic growth caused 
by constitutional supercooling in a tin-rich solution. | 

A third crystal was grown in the 10'*/cm? concentration range on the [111] 
orientation, and autoradiograms again were made on each slice. Precipitation was 
observed to begin between the sixth and seventh slice, which again was about 
2.9 X 10" atoms/cm’. As expected, all these autoradiograms showed nonuniform 
distribution of tin resulting from facets near the edge of the crystal. 

It was concluded that the solubility limit for tin in gallium arsenide crystals 
grown from the melt by vertical-pulling techniques was about 2.5 & 10 atoms/cm’. 
This would seem to preclude the use of tin-doped gallium arsenide as n+ substrates 
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Fig. 4-9. Autoradiograms of slices from a pulled GaAs crystal showing onset of tin precipitation. 
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for epitaxial growth if electrical concentrations greater than 2 X 108/cm in the 
substrate are desired. At lower concentrations, however, there was no evidence of 
tin nonuniformity i in crystals grown on the u 15] orientation. 


= RADIOCHEMICAL TECHNIQUES IN THE DETERMINATION 
OF SEGREGATION COEFFICIENTS 


Pulled Crystals... To obtain an accurate distribution coefficient for an impurity in 
a semiconductor, it is essential that the impurity concentration in the starting 
material, Co, be uniform.and be known. This requirement is easily met with vertical- 
pulled crystals since they are grown from a melt. It is then only necessary to 
analyze for C (concentration in the solid) at any point in the crystal and know the 
mass fraction (x) of the original melt at. that point. The effective segregation co- 
efficient is then calculated from Eq. (4-1). 

The concentration of impurity in each fraction can be determined by Hall meas- 
urements if the impurity is electrically active. This type of measurement can be 
very misleading unless the concentration of impurity is much higher than all other 
electrically active impurities in the crystal. This is particularly difficult with the 
_III-V intermetallics such as GaAs, InAs, or GaSb, where the best pulled single 
crystals grown have residual donor concentrations of around 1 X 10'*electrons/cm‘. 
This 1s equivalent to about 1 ppm of impurity, and for semiconductors, levels of im- 
purities higher than this are normally deliberately added dopants and not trace 
impurities. For silicon and germanium, where residual impurity levels are from. 10” 
to 10" carriers/cm’, this is rarely a problem. 

Zone-refined Crystals. The methods commonly used to determine effective 
segregation coefficients for zone refining rely upon.the ability of the analyst to 
obtain accurate and reproducible concentrations. Zone refining is restricted, for this 
discussion, to the purification of a uniform ingot by passing a molten zone down the 
crystal, as shown in Fig. 4-3. It can be shown’ that Eq. (4-3) describes the zone- 
refining process, where | 


C 
Co 
C is the concentration at a distance z from the starting end, and / is the length of the | 
molten zone. Since the ingot was homogeneous at the start, Co is readily obtained 
by analysis before the zone-refining step. After a single zone pass, analyses for C at 
points z along the ingot are made. A semilog plot of C/C> versus x/I will yield 
results similar to those shown in Fig. 4-10. At the front end of the ingot x/I = 0, 
and k can be obtained by extrapolating (dashed line in Fig. 4-10) the curve back. 
The intersection of this line with the ordinate yields the value of the effective segre- 
gation coefficient k, since C/C) = k when z/l = 0. A series of values of k can be 
obtained by solyine Eq. (4-3) for k for each value of C and 2/1. | 
The determination of k after multiple passes is mathematically considerably 1 more 
difficult, and the reader is referred to Pfann.’? From the analyst’s viewpoint, the — 
problem remains unchanged since Cy and C, at known values of x/I, must be deter- 
mined by some analytical method. 


=1— (1 — bel (4-8) 
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Zone Leveling. In this technique, the impurity of interest is introduced into one | 
end of an ingot of an ultrapure semiconductor, and a single zone-leveling pass is 
made over the length of the bar. In this case the concentration uae at each ne x on 
the ingot is 


C = kCe? | | (4-4) 


_ where C;; is the concentration in the first zone length 2/1. 

As in the case of zone refining, the problem of determining the effective segregation 
coefficient depends on the analyst’s ability to determine C’; and C' at known zone 
lengths x/l. A semilog plot of C/C; versus x/l yields a straight line, as shown in Fig. . 
4-11. The effective segregation coefficient k can be determined by extrapolating to 
z/l = 0, where C/C; = k. Here, as in zone refining, multiple passes complicate only 
the mathonntieal interpretation of the analyst’s results. | 

While, generally, Hall measurements are an acceptable method of analysis, they 
can be misleading. In some of the earliest work on indium antimonide, Harman®™ 
determined the segregation coefficient of several impurities by using electrical 
measurements to determine electrically active impurity concentrations. Harman 
estimated the segregation coefficient for zinc to be 10, which would mean that zinc 
could be readily zone-refined out of indium antimonide. Mullin® and Strauss,” in 
subsequent studies using radiotracer techniques, determined the zinc poeres toa 
coefficient to be 2.3, which would mean that zinc was quite difficult to remove by 
zone refining. These comments are not directed in any way as criticism of Harman’s 
excellent work (good agreement between both workers was obtained for selenium and 
tellurium), but only to point out the type of difficulty one can encounter when 
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Fig. 4-11. Typical impurity profiles 

observed during zone leveling an cc. o, 
impurity into an ingot. Single zone as 
pass showing the effect of effective 
segregation coefficient k. 
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relying solely on electrical measurements. It .can be stated, without reservation, 
that all the reliable values for segregation coefficients for impurities in semicon- 
ductors have been determined by using radiotracer techniques. 


4-13. RADIOCHEMICAL TECHNIQUES IN THE STUDY 
OF ANISOTROPIC SEGREGATION 


One of the distinct advantages of the use of radiotracer techniques to study the 
segregation of impurities in semiconductors is the use of autoradiography to deter- - 
mine the distribution of the radioactivity in the sample. It can be stated un- 
equivocally that it is not enough just to analyze for the concentration of impurity in 
the crystal or slice and report a segregation coefficient from those data. If the im- 
purity is not uniformly distributed, then the analyst’s results are open to question. 

In 1953, Burton et al.**34 reported on discontinuities or variations in the distribu- 
tion of impurities in germanium crystals grown from:the melt. They were able to 
correlate these variations with: resistivity and lifetime by using atvimony radio- 
tracers and autoradiography. Figure 4-12 shows the variation of a densitometer 
trace of the autoradiogram and the corresponding variations in resistivity and life- 
time. A similar autoradiogram, obtained in the Texas Instruments Incorporated 
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Fig. 4-12. Hole lifetime, electrical resistivity, and optical transmission of autoradiogram measured 
ona germanium crystal. (From Slichter and Burton. 35) 


| laboratories for a gold-doped (1 X 108 atoms/ ais silicon ental which had gen 
tagged with gold-198, is shown in Fig. 4-13. Burton found that these striations 


__ could be removed, and'a homogeneous crystal obtained with more intense stirring 


of the melt. Weisberg* presented evidence to show the adverse effect of inhomoge- 
neous impurity distribution on Hall mobility. This reduction in mobility was at- 
- tributed to the buildup of large space charge regions surrounding these local inho- 
_ mogeneities. Dikhoff,®” in further work on silicon and germanium, showed that the 
striations had become much smaller with faster stirring and could no longer be 
resolved in the autoradiogram. Dikhoff used a pulsed copper-plating technique 
developed by Camp*® to delineate the striations. By using this pulsed technique, 
| striations separated by as little as 10u could be resolved. In heavily doped crystals, 
striations as small as 1 » were made visible and resolved by etching the crystal in 
an HF-HNO-alcohol etch. Witt, Gatos, and Morizane ®-* have studied impurity 
striations and their deliberate introduction into InSb as an aid to crystal-growth 
_ investigations. In the course of this work Witt* developed an excellent permanga- 
_ nate etclt which was vastly superior to other delineation etches such as CP-4.. With 
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Fig. 4-13. Autoradiogram of a _ gold-doped 
silicon crystal after neutron activation to produce 
198 Ay, showing striations. The crystal was cut at 
60° to the growth direction. 


this etch,“ it was possible to obtain clear micrographs of closely spaced minute 
impurity striations at ca. 1,320 magnifications. 

Dikhoff* examined some silicon and germanium crystals by sawing a slice per- 
pendicular to the crystal length and found a single spiral striation' which extended 
from the center to the edge of the slice. Cronin et al.**.observed similar striations in 
pulled tellurium-doped GaAs crystals, using both autoradiograms and etching 
techniques. Heinen“ used activation analysis to observe striations in silicon. While 
it has been shown that these impurity striations are strongly dependent upon stirring 
of the melt during crystal growth, Ueda*’ found similar striations in horizontal-zone- 
melted crystals. Dikhoff feels that there is strong evidence for “fundamental” 
striations and was able to observe them in a crystal which was not rotated and was 
pulled rapidly from the melt. 

These striations present a twofold challenge to the analyst. First, while working 
with the materials scientist, the analyst must be able to develop methods to deter- 
mine or delineate these striations. Second, in the analysis of any semiconductor 
sample, the analyst must always be cognizant of the problem of nonuniform sampling 
through the use of a small specimen that may be striated. If the sampled area is 
small, e.g., in the solids spark-source mass spectrometer, the problem may be acute: 
On the other hand, if a 1-g sample is dissolved for analysis, then the striations are 
small compared with the overall size of the sample and will present little problem as 
long as the materials scientist 1s satisfied with an average value. 

Cores, Facets, and Anisotropic Segregation. Another phenomenon frequently en- 
countered in semiconductor single-crystal growth is the appearance of an impurity- 
rich center core down the length of the crystal. Extensive work has been carried out 
on these cores in germanium,*** silicon,” indium antimonide,”—” and gallium 
_arsenide,**’ and it is generally accepted that the cores are in fact due to anisotropic 
segregation of the impurity. The single crystals are crystallographically perfect; but 
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during the crystal growth, a planar crystallographic (111) facet forms at the solid- 
liquid interface, and a new distribution coefficient /* causes the impurity to segregate 
preferentially in the area of the (111) facet. _Burton® proposed the use of k* and 
defined it as the ratio of solute concentration in the solid and liquid at the interface 

under the growth conditions. The value of k* will be different on facet than off facet, 

and a core of impurity will appear at the (111) facet. These cores of impurities are 
frequently and incorrectly referred to as “facets’’ but are in fact anisotropic segrega- 
tions of the impurity at the crystallographic facet. Multiple facets, or annular 
facets, have been observed by Cronin et al.“ and are believed to be caused by the 
presence of an irregularly curved solid-liquid interface resulting in several {111} 

facets present during growth. | 

Here, as with impurity striations, the analyst must watch carefully for anisotropic 
‘segregation both during crystal-growth studies and in the analysis of pulled single 
crystals. Autoradiography provides the most straightforward method of determin- 
ing the presence of impurity cores in a crystal during crystal-growth studies. This 
requires that a radioactive tracer be added to the melt and autoradiograms run on 
slices of the pulled single crystal. Figure 4-14 shows some autoradiograms of 
anisotropic segregation of several impurities in GaAs and silicon. As can be seen, the 
segregation is not always restricted to the center of the crystal. This is probably 
caused by:a slightly misoriented seed. 3 

When a radioactive tracer is not used, it is still possible to determine the presence 
of impurity striations and cores by chemical staining. Banus and Gatos” used a . 
0.2 N Ie*t in 6 N HCl etch for indium antimonide. Dikhoff®” used pulsed copper- 
plating and etching in an HF-HNO;-alcohol etch for germanium and silicon. 
Plaskett and Parsons® used a 3HNO;3:1HF:4H.O etch with strong lumination for 
detecting impurity inhomogeneities in gallium arsenide. 

Electron microscopy and transmission of infrared radiation®” viewed with an. 
infrared image converter have been used to observe gallium arsenide inhomogenel- 
_ ties. Massengale and Klein®* used emission spectroscopy to determine the presence 
of a germanium-enriched facet or core in a pulled indium antimonide crystal. The 
crystal slice was diced by scribing into 40 to 50 pieces, and each piece was analyzed. 
Then a topogram was constructed, as shown in Fig. 4-15. The presence of a ger 
manium-enriched section is apparent at the top of the crystal. 


Fig. 4-14. “Autoradiograms showing an- 
isotropic segregation in GaAs and silicon. 

he (a) silicon is a radial section, and (b) an 
axial section of the same crystal. 


SILICON | Ga As 
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— L1-1.3 x 10!” 
———| 14-15 x 10!” 
=a 
L6-18 xX 10!” 
19-2 x 10!” 


Fig. 4-15. Emission spectrographic determination of anisotropic segregation of germanium in 
indium antimonide. (From Massengale and Klein.*8) 


In the analysis of samples of single-crystal semiconductors, sampling can be a 
serious problem if the impurity is segregated through coring or facet formation. 
Table 4-1 shows some reported values of the variation in impurity concentration. 
This difference is reported as a ratio of concentrations on and off the crystallographic 
facet. As can be seen, the choice of a small sample on a slice, which may be either on 
or off facet, can result in a serious analytical error. Conversely, if the entire slice is 
used in the analysis, an average value for the impurity content will be obtained, | 
and comparison with electrical evaluation will be very difficult. 


4-14, IMPURITY DISTRIBUTION AS A FUNCTION OF GROWTH ORIENTATION 


Cronin et al.*.59 have used radiotracers to study the effect of orientation during 
crystal growth on impurity distribution. In vertical-pulled crystals of gallium 
arsenide they observed that growth on the [115] orientation rather than the con- 
ventional [111] gave consistently more uniformly doped material. Impurity 
striations and central facets were not present in tellurium- and tin-doped crystals 
grown on this orientation. 

In similar studies on horizontal leveling of indium antimonide® using ®Zn, 18n, 
and “Ag radiotracers, Cronin observed a pronounced orientation effect on impurity 
distribution. It was observed that crystals zone-leveled on the [113] orientation were 
significantly more uniform than those leveled on the [111] or [110] orientations. The 
segregation coefficients for each impurity were independent of growth orien- 
tation. 
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Table 4-1. Observed Variations in Impurity Concentrations on and off Facet in Single Crystals 


- Concentration ratio 


tamales Dopant "otal facet eference 
GaAs | Te : 2.1-2.4 45 
InSb S 3.2-5.5 | 52 
InSb aes Te 17-15 50 

Ge | Sb - 1.5 37. 


Si 4. Sb — 1.6 49 


4-15. ELECTRICAL TECHNIQUES 


In the final analysis, the ultimate measure of success of the growth of the semi- 
conductor single crystal is the electrical properties. If the electrical properties do 
not satisfy the demands of the particular device that the crystal will be used to 
fabricate, then the semiconductor material must be rejected. As pointed out in 
Chap. 2, the electrical properties are a direct measure of the chemical and physical | 
imperfections in the host crystal. Each type of electrical measurement provides a 
different type of information about the crystal. If the semiconductor type is known, 
the resistivity can be used along with Fig. 4-6 to yield an approximate net majority- 
carrier concentration. The Hall coefficient and resistivity yield the mobility and net 
majority-carrier concentration. The sign of the Hall coefficient gives the carrier 
type, positive for p type and negative for n type. Lifetime measurements give in- 
formation on neutral impurities and imperfections which act as recombination 
centers for minority carriers. | 


4-16. RESISTIVITY 


A number of methods not requiring the attachment of electrical contacts have 
been reported but have not received wide application. These methods include radio- 
frequency spreading resistance from a small probe on a flat surface, eddy-current - 
losses in a sphere set in an induction coil, and microwave transmission through a. 
thin sample of semiconductor material.” | | 

Two methods have received wide acceptance through the efforts of the American 
Society for Testing and Materials. These are the two-point and four-point probes 
for silicon rods, Method F43-67T, and the four-point probe for slices (proposed | 
method). These procedures have evolved from those used by early workers in this 
field 64-7 . 

Two-point Probe. ASTM® considers this method to be the most precise for deter- 
mining the.resistivity of single-crystal semiconductors. Basically, the procedure in- 
volves making ohmic contact to the ends of the bar, passing a known current through 
the bar, and then measuring the voltage drop across two probes applied to the 
surface. A schematic of a typical apparatus is shown in Fig. 3-1, where,-during the 
‘measurement, the potential V, across the standard resistor R, is measured, and then 
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Fig. 4-16. A four-point probe. (Courtesy of A & 
M Fell, Ltd., London, England.) 


V is measured across the two probes. The constant current through the specimen 
can then be calculated: 


V. | 
[= R. | (4-5) 
The resistivity of the sample is then calculated: 
VA 
p= FFT (4-6) 


where A = cross-sectional area normal to current 
L = distance between two probes | 
For any given rod of material, the resistivity is measured at regular intervals along 
its length. The resistivity will be higher near the seed end of the single crystal. 
EKarleywine et al. have automated the two-point-probe technique so. that the 
instrument measures the diameter of the rod and the voltage drop across the probes, 
calculates the resistivity, and types it out along with the probe position on the rod. 


Constant-current 
generator 
Potentiometer 


i 


\ 
Semiconductor 


Fig. 4-17. Schematic showing the dc circuit used with a four-point probe. 
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This procedure rapidly provides a resistivity profile of the length of the rod. They. 
report a precision of +1.5 percent for 95 percent of the time on resistivities between 
0.1 and 1,000 ohm-cm. The ASTM procedure has a coefficient of variation of +6 
percent at the 3-sigma confidence level. 

Four-point Probe. The four-point probe has been discussed in Sec. 3-10, and a 
picture of such a probe is shown in Fig. 4-16. A typical circuit used with this probe 
is shown in Fig. 4-17, where it can be seen that a small constant current is applied 
through the sample by using the outside probes. A potentiometer is used to obtain a 
galvanometer null, and the voltage and current readings are recorded. The re- 
sistivity is calculated with the probe spacing a known: 

p= dra + | (4-7) 

The four-point-probe technique has the advantage that it is not necessary to make 
an electroplated or alloyed contact to obtain an ohmic contact. However, since an 
alloyed contact is not deliberately made, as in the case of the two-point probe, care 
must be taken to eliminate surface leakage and ensure that good ohmic contact is 
made with all four probes. The problem becomes more acute with higher-resistivity 
samples. These problems can be circumvented by using an ac system rather than 
the described de system. The block diagram of a commercial instrument using a 
Fell’s probe is shown in Fig. 4-18. It is a direct-reading instrument and covers a: 

resistivity range from 0.001 to 300 ohm-cm. 

The ASTM procedure has measured the precision Pi this technique o on 5 to 20 ohm- 
cm material, but it undoubtedly has a much wider range of application. A precision 
of +18 percent expressed as the relative percentage error at the 3-sigma confidence 
level was obtained. 

The four-point-probe technique has received much wider application as a method 


Phase- 


Voltage 1S 
>) sensitive 


Decade 


amplifier detector 


+ 12.4- 
volt 

oower 

supply 


149-volt 
Supply 


Constent- | 
— current 


SUPP 


Fig. 4-18. Block diagram of ac system for four-point-probe resistivity measurements. (Courtesy of 
Texas Instruments Incorporated.) 
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for resistivity on slices, and ASTM has issued a proposed method. In this proposed 
method the precision has been determined on 10 to 20 ohm-cm silicon as +2 percent 
(relative percentage error at the 3-sigma level).. Earleywine et al.® report a precision 
of +3 percent, 95 percent of the time, on slices with resistivities between 0.01 and 
100 ohm-cm. They feel that the two-point-probe technique should be used on 
material with resistivities higher than 300 ohm-cm. 

One of the distinct advantages of the four-point probe, particularly with slices, is 
the ability to determine the resistivity profile radially across a slice. Because of 
probe spacing, it is difficult to detect changes in resistivities over distances smaller 
than 0.5 mm. To determine resistivity variations on a very small scale, the one- 
point probe is used. 

One-point Probe. Mazur and Dickey” refined the one-point-probe or spreading- 
resistance technique to the point where a spatial resolution of 1 ~ was obtained en 
silicon. By using a probe with an osmium tip to probe the face of the slice and em- 
ploying a large-area ultrasonically soldered contact on the backface, it was possible 
to determine the resistivity in a sampled volume of 107 cm’. Mazur reports a 
probable error of +15 percent for sample resistivities in the range 0.001 to 500 
ohm-cm. He was able to show that significant resistivity variations did exist in 
silicon slices. 


4-17. MOBILITY AND CARRIER CONCENTRATION 


The Hall mobility is determined by measuring the Hall coefficient and resistivity 
on a semiconductor sample. Section 2-12 describes the theory and the equations 
associated with the determination of the Hall mobility. From these same measure- 
ments the majority-carrier concentration is also obtained. ASTM® has issued a 
tentative procedure, Method I76-67T, for the determination of Hall mobility in 
extrinsic semiconductors on both shaped and lamellar specimens. This ASTM pro- 
cedure is a system which has evolved from the discovery of the Hall effect,” by 
E. H. Hall in 1879, and the subsequent circuits developed”—” to measure this effect 
in semiconductors. The ASTM method is a de system, direct current in a de mag- 
netic field. Other systems include alternating current in a de magnetic field and 
alternating current in an ac magnetic field. In the Texas Instruments Incorporated 
laboratories the first two systems, either direct or alternating current in a de mag- 
netic. field, are used. 

The de-de system is the simplest and the one most often used in the industry. 
Generally this system is used when the resistance across the sample is 10? to 10° ohms. 
For lower-resistance samples the ac-de system is used. The ac system is more 
sensitive than the de system, and smaller voltage drops across the sample can be 
measured. The ac system also minimizes sample heating, which is a a problem t in low- 
resistivity samples. 

DC-DC Hall System. The de standard Hall system used by Texas Instruments 
Incorporated‘is like the six-lead-configuration ASTM system. The data-collection 
sheet with the outline for subsequent calculations is shown in Fig. 4-19. The meas- 
urement procedure is straightforward. A standard resistor R,, approximately ten 
times the total resistance of the sample, is connected in series with the sample. A 
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H 


~ DCSTANDARD 
HALL MEASUREMENT 


Date 

Operator 
Ww cm t_ cm dj}-3 em d2-4 Dea ee : 
Re ae cm2 | Ani/d(3 2 em Ay eg ee eM 
PEMDERA TURE Se — Rs 10 ohm | B_.—sgauss oP AB Sn oe TO 


V2.4 (volt) R24 (ohm) 


0] 


seas eT 


P= RA-/d ohm-cm 


ae i 10 de Cen 10° P. x 10 A 
Ry = 10° gt/4B cm3/coul 
Rude x10 ——-Ryyg_ gx 10 Ry——____x 10 A 
My = R,,/p cm2/volt-sec 

_ . 4 
Mtamax -——————* 10. Pumin— x 10 Myx 10 A 
fot 18 
1/Rye. = 6.2510 /Ry em-3 

~~ + 

V2 oe 10 3-4. lx «2210 1/Rye—______x 10 A’ 


Fig. 4-19. Data sheet for de standard Hall measurement. (Continued on facing page.) 
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TEMPERATURE: Rs 10 ohm B________gauss t/4B__ lx «dN 


Vs (volt) | V}-3 (volt) “Vg (volt) | Vo.4 (volt) | Ro4 (ohm) 
eel Ee ee 


Bj I Vs (voit) | Vi-2 (volt) ;} Ry-2 (ohm) Vg (volt) V3.4 (volt) | R3.4 (ohm) 


p = RA/d ohm-cm 


P ,3——___x 10 Piped Se TO P. x 10 A 
Ry = 10° gt/4B cm3/coul 
Rut x 10 Rie x 10 Ry x 10 A 
Py = R,,/p cm2/volt-sec 
a3 + 
Beye eae nak: VO Pumin x 10 Pay x 10 A 
18 
1/Rye = 6.25x10 /Ry cm3 
ae + 
1-220 «70 3-4. lx «210 1/Rye—_____x_ 10 A 
Ti-5588 
Remarks: 
Material: = CCSCSSC*CO rrigirncatttcr’s) NNW Crystal No. : 


Fig. 4-19 (Continued). Data sheet for de standard Hall measurement. 
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constant current J is applied through the sample and standard resistor so that the 
voltage drop V, across R, is 1 volt. Then the resistivity of the sampie is deter- 
mined by accurately measuring the voltages Vi3 and V4 in the forward and 


reverse directions. 


A magnetic field is applied and the voltages Vi. and V3.4 are measured in the 


i 
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N H 


D C VAN DER PAUW 


— HALL MEASUREMENT 
Date ees 
t ___x 10 em Ope rater 
Rs, 10 ohm___.._—s-— B_____ SSS cts 


Vec,pa_ (volt) | Rac,pa (ohm) 


V aB,cD (volt) 


x 10 


Vigo, ac (+B) 


R gp, ac (48) V ep, ac (0, --B) 


5 _ x 10 ohm | A(O)___ 


x 10 ohm A(—B)___ x «10 ohm 
f (48-52) =f ( ) — 108t A io), 3 
RBC, DA ao ae BR A =x: cm 3/coul 
: . ’ Ry= : 
pa 2266 tS tS x 10 ohm cm am x 10 em3/coul 


Ry/p —________x 10 cm2/volt sec 1/Rye = 6.25 x 1018/Ry =_ x «10 m3 


Fig. 4-20. Data sheet for dc Van der Pauw Hall measurement. 


forward and reverse directions for both the current and the magnetic field. The Hall 
coefficient, Hall mobility, and carrier concentration (1/Ryc) are then calculated as 
shown in Fig. 4-19. 

The de Van der Pauw Hall measurements are made on samples that cannot be cut 
into a shape suitable for a six-lead Hall configuration. The Van der Pauw method 
uses four contacts, as shown in Fig. 4-20. Once again a standard resistor FR, is con- 
nected in series, a constant current J applied, and the voltages measured in the 
forward and reverse directions. This yields the sample resistivity. he magnetic 
field is applied and the voltages measured in the forward and reverse directions for 
both current and magnetie field. The factor f is obtained graphically, as described 
by Van der Pauw” The Hall mobility, Hall coefficient, and carrier concentration 
are then calculated as shown in Fig. 4-20. 

AC-DC Hall System. ‘The ac system is generally used in the T exas Instruments 
Incorporated Jaboratories when the total resistance of the sample is less than 1,000 
‘ohms. This technique eliminates errors due to thermal emis and the Ettinghausen 
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Fig. 4-21. Basic measuring circuit for the > mi 
ac-de Hall effect measurement. (Adapted from He 
Dauphinee and Mooser."*) : 
C 
<I 
‘Co 
4 
Me 


effect. which tend to appear in low-resistivity samples. The basic measuring circuit 
is that developed by Dauphinee and Mooser”™ and is shown schematically in Fig. 
4-21. Choppers 44, and M, are driven synchronously with chopper 1/3 so that the 
voltages (generated with a small constant current J) across the working resistor W 
and any two leads on the sample are compared and then balanced by using a galva- 
nometer G. The resistance is read directly off the calibrated working resistor and 
recorded as shown in Fig. 4-22. The resistance is measured between leads 1-3 and 
2-4 and then used to calculate the resistivity. The resistance is determined in the 
forward and reverse magnetic fields between leads 1-2 and 3-4 and used to calculate 
the Hall coefficient, Hall mobility, and carrier concentration. 

The data sheet used for the ac Van der Pauw Hall measurements is shown in Fig. 
4-23. The Van der Pauw ac measurements are made on the same Dauphinee circuit 
and calculated as shown on the data sheet. 


4-18. LIFETIME 


As was pointed out in Sec. 2-14, the minority-carrier lifetime of a semiconductor 
crystal can have a pronounced effect on the operation of a device, particularly a 
transistor. The lifetime is defined as the average time interval between the genera- 
tion and recombination of minority carriers in the crystal. The lifetime is an indirect 
measure of the physical perfection and the presence of electrically neutral impurities. 

ASTM® has issued a standard method, F28-66, for measuring the minority-carrier 
lifetime in bulk germanium and silicon. This is a photoconductive-decay method in 
which ohmic contact is made to a sample of the semiconductor material and a con- 
stant current passed through the sample. An intense flash of light of short duration 
is used to generate carriers, and an oscilloscope is used to measure the decay time. 
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N 
ie. 
S ; 
em tlc 
Ag cm2 Arj/4)-3— 
TEMPERATURE: 
_____s gauss t/2B x 10 
Ry.3 x 10 ohm 
Rg ge 10 ohm 
p= ‘ A/d ohm-cm 
ee x 10 Pog x 10 
Ry = 10° ct/2B cm3/coul 
Ry 1-2 x 10 Ry3-4 x 10 
My, = R,,/p cm2/volt-sec 
Humax x 10 Buamin | x 10 
1/Rye = 6.25 x 10 VR, cm-3 
1-2 x 10 3-4_ x '21:0 


H 


- ACSTANDARD 
HALL MEASUREMENT 


‘ Date 


p. x 
R, . 
By x 
1/ Rye x 


Operator 
dj; | cm a eR | 
= AE) rs 
I x 10 amp 


10 A 
10 A 

ab 
10 A 

+ 
10 A 


Fig. 4-22. Data sheet for ac standard Hall measurement. 


For this measurement the minority-carrier lifetime is defined as the time required for 
the voltage pulse.to decay to 1/e of its starting value. | 


Earleywine et al.® favor a contactless measurement method, as illustrated in Fig. 


4-24, A high-frequency current is passed through the crystal by capacitive coupling. 
An intense light flash is used to generate carriers, which changes the conductivity of 
the crystal, which is then reflected in a voltage change across the crystal. This volt- 
age change is monitored on an oscilloscope and the decay time recorded. This tech- 
nique has the distinct advantage that it is unnecessary to apply ohmic contacts to 
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the ends of the crystal. Further, the entire crystal can be tested rather than a smaller 
piece as required in the ASTM procedure. 


Typical lifetime values for silicon and germanium range from 2 to 1 000 usec. 


N 
+ B 
Va 10 em; |B gauss 
TEMPERATURE: 
RiaB, CD x 10 ohm 
RBC, DA x 10 ohm 
> _ x «0 ohm 


p= 2.266t3S'= x 10 ohm cm 


Ru/p . x 10 cm2/volt sec 


Fig. 4-23. 


117 volts 
60hz 


Fig. 4-24. Schematic showing 
contactless method for determi- 
nation of minority-carrier life- 
time. (Adapted from Earley- 
wine et al.®) 


H 


A C VAN DER PAUW 
HALL MEASUREMENT 


Date 
Operator. 
ie x 10 amp 
Rep, ac(+B) x 10 ohm 
Rep,ac(0, —B) x 10 ohm 
A (0, —B) x 10 ohm 
108t 
B A(O) = ___ «100s cm 3/coul 
Ry = 
108. Lec 
op. ee = x 10 em3/coul 


/Rye = 6.25 x 1018/R,, 


Oscilloscope 


= x 10 cm-3 


Data sheet for ac Van der Pauw Hall measurement. 


Light 325-volt |0O-—ma 
source ‘) regulated ¢, 
supply : 


Filament —. 
7 W i, 
AKA — sev 
circuits 
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circuit supply 
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Analysis of Single Crystals 
for Chemical Imperfections 


5-1. INTRODUCTION 


In Chap. 2, the significance of foreign atoms in the lattice was discussed and 
the overriding importance of doparits to the properties of the material explained. 
In the elemental semiconductors, germanium and silicon, the elements of groups 
TILA and VA are usually employed as dopants. Boron, gallium, and indium have 
been added as p-type dopants, and phosphorus, arsenic, antimony, and. bismuth 
as n-type. For the IIJ-V compounds, the situation is somewhat more complex; 
stoichiometry becomes important. An excess of gallium, for example, in a gallium 
arsenide crystal may imply gallium at arsenic sites, or a p-type doping. Group 
IVA elements are amphoteric, their action depending on which particular lattice 
sites they occupy. A silicon ato1a on a gallium site could dope n type, on an arsenic 
_ site p type, although these particular elements usually dope n type. The dopants 
normally added are, for p type, group IIA elements such as zinc, cadmium, or 
mercury and, for Bye material, group VIA elements such as Sa selenium, or 
tellurium. 

Dopants have energy (seals. quite close to the conduction band in the case of 
donors, or to the valence band in the case of acceptors (Sec. 2-8). The difference in 
‘energy 1s about 0.01 to 0.05 ev, and these types of impurity are called shallow 
donors or acceptors. Another type of impurity has an energy level which is con- | 
siderably further into the forbidden gap, say 0.3 to 0.4 ev. Such levels are due to 
so-called ‘‘deep donors” or ‘‘traps.”’ Figure 5-1 illustrates the position for an n-type 
material. Since the deep-donor level is below the Fermi level, it follows that there is 
a high probability of this level’s being filled by electrons; or, put another way, 
electrons do not leave atoms which form such levels. The electrons are said to be 
trapped. It can be shown statistically that there is a much higher probability 
of a hole’s meeting such an electron than of its meeting an electron which is also 
free. In other words, the minority-carrier lifetime is drastically reduced by the 
presence of such traps. In fact, it is reduced by orders of magnitude. 

The case for a p-type material is shown in Fig. 5-2. Here the deep-acceptor level 
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is above the Fermi level, so there is a high probability of its being unfilled. The 
atoms forming the level are really positive ions or, put another way, stationary or 
trapped holes. Again, the probability of an electron’s meeting a trapped hole is 
much higher than that of its meeting a free hole, so again the minority-carrier 
. lifetime is reduced. The importance of the minority carrier in p-n junctions was 
explained in Sec. 2-15, and it follows that this degradation of lifetime is a serious 
problem. In: germanium, copper, gold, nickel, manganese, and iron have all been 
shown to form traps. ; 
In discussing mobility in Sec. 2-7, it was pointed out that this property was 
governed by the number of collisions occurring between the electrons and the 
lattice ions. This phenomenon is termed scattering, and it is affected not, only by 
the temperature, which modifies the lattice vibration, but by imperfections in the 
lattice. Foreign atoms in the lattice will not only give rise to an electrostatic 
interaction but will also tend to distort the lattice, giving rise to strain fields around 
this point defect (see Sec. 6-2). The mobility can therefore be influenced by atoms 
substituting in the lattice; but, in addition, interstitials can also have an effect 
since these too will tend to distort the lattice. Generally, these effects are not 
important at room temperature or above, but are significant at low temperatures, 
e.g. liquid nitrogen or below. Such temperatures are employed for radiation 
detectors, ¢.g., copper-doped germanium or lithium-drifted silicon. For material for 
these purposes, dissolved elements such as oxygen or the halogens may be important. 
Moreover, many elements (iron is an example) may enter the lattice both substitu- 
tionally and interstitially. Only the substitutional atoms are electrically active, 
contributing carriers to the conduction band. The carrier concentration calculated 
electrically will not correspond with the actual concentration level as shown by 
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analytical determinations. Not only is the carrier concentration lower than 
predicted from concentration, but the lower mobility brought about by impurity 
scattering will lead to increased discrepancy. 

All these considerations emphasize the importance of reliable and sensitive 
methods for a wide range of elements. Almost any element in the periodic table 
may have an effect on the performance of a semiconductor. Only in a few cases 
are the dopant levels as high as the ppm range. In all other cases, the dopants and 
the important substitutional impurities will be in the low-ppb range. A few inter- 
stitial impurities such as oxygen or chlorine may be in the ppm range. 

In the following sections, the current techniques for determining these impurities 
will be reviewed. However, it will become apparent that in some cases the present 
state of the art is inadequate. For germanium and silicon, methods are available 
for most of the metallic elements, and the survey methods (emission and mass 
spectrography) can give a good idea of the overall quality of the material. However, 
for the determination of boron, carbon, nitrogen, oxygen, and phosphorus, better 
methods are urgently required. For the III-V compounds, the situation is much 
the same, with the added difficulty that the extremely low-level activation analyses 
applicable to the elemental semiconductors cannot be used. 


5-2. WORKING WITH SEMICONDUCTORS { 


For most analysts, a pure material is one with impurities in the ppm range, and 
their techniques are geared to this level. In undertaking the analysis of semi- 
conductor materials, however, the impurities an analyst is seeking are in the 
nanogram or even picogram range, and he must refine his laboratory methods 
accordingly. He must cultivate habits that will guard against adventitious contami- — 
nation on a vanishingly small scale. 

Ideally, the working area should be a dust-free room. However, a normally air- | 
conditioned laboratory is acceptable with certain precautions. Bench tops must be 
kept scrupulously clean and reagent racks over the working surface avoided. 
Preferably, a laminar-flow bench should be used in which a flow of filtered air is 
recirculated over the surface. Fume hoods are a frequent source of contamination 
due to corrosion products and deposits falling from the upper surfaces; hoods with 
makeup air are particularly prone to, this since there is a draft down toward the 
bench top. Fiber-glass hoods are preferable to metal, and they should be cleaned 
frequently. In laboratories which are not air-conditioned, the problems become 
more acute and it may be necessary to work in a glove box. 

Just as important as a scrupulously clean working area is meticulous care of the — 
analyst’s working tools. Contamination of solutions by glassware is a common 
source of error. Soft glass is readily attacked by many reagents and should never 
be used. Hard glass is usually satisfactory but must be leached by aqua regia and 
rinsed thoroughly before use. PTFE (Teflon) is suitable for hydrofluoric acid 
solutions, and either this or polyethylene should be used for long-term storage of 
other solutions.2 Very dilute solutions, such as standards, may tend to deplete by 


tAdapted from Kane.'} 
{Superscript numbers indicate References listed: at the end of the chapter. 
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adsorption on the walls of the container and must, therefore, be freshly prepared. 
Conversely, containers that have been used for stronger solutions may desorb ions 
into weaker ones. Very dilute solutions are best prepared in new, freshly leached 
containers. | 

Reagents present a constant problem; of these, water is the most important, as 
might be expected. .A very-high-purity deionized or distilled water is essential. A 
resistivity of 14 megohms, measured on a boiled-out sample, is a good criterion, 
although care must be taken to ensure that it is also free from suspended matter 
such as resin. Other reagents should be the purest available, and many manu- 
facturers are now supplying a special grade for this industry which we shall refer to 
as semiconductor grade. However, even this is not always good enough, and where 
large volumes are required, for example of hydrofluoric acid for treating silicon, it 
may be necessary to redistill or otherwise purify them. 

In every case, it can be assumed that the samples submitted for analysis have 
surface contamination, and this must be removed by a preliminary etch. All 
subsequent operations must include precautions to avoid recontaminating the 
sample, including the use of plastic-tipped tweezers for handling. 


5-3, EMISSION SPECTROGRAPHY 


Emission spectrography is probably the most widely used tool for assessing the 
quality of pure materials and has been extensively applied in the metals industry. 
However, when it is applied to semiconductors, its sensitivity with the usual 
direct techniques is found to be inadequate. Extension of this method into a 
usable range for these high-purity materials has followed two routes: a preconcentra~ 
tion step or refinement of the source conditions. 

The preconcentration method has been used by several workers. Karabash et al.? 
dissolved a germanium sample in aqua regia and distilled ‘off the chloride. The 
residue was evaporatéd on germanium oxide and arced to determine 23 metal 
impurities at sensitivities varying from 0.01 to 1 ppm. This procedure was simplified 
by Vasilevskaya et al.‘ for routine analysis, chiefly by the omission of the oxide 
carrier. Dvorak and Dobremyslova® applied the same principle to germanium 
oxide, adding : an internal standard to the Sas acid used for evaporation ; 
chlorides, this technique is abviouly unsuitable: Veleker® dissolved the germanium 
in a peroxide-oxalate solution and extracted arsenic and bismuth into chloroform 
as the diethyldithiocarbamates. The organic phase was evaporated on graphite, 
mixed with a buffer, and arced by using a boiler cap. Sensitivities of 60 ppb for 
arsenic and 5 ppb for bismuth were obtained. Malkova et al.7 used mannitol to 
retain boron during volatilization of the germanium chloride from aqua regia. The 
solution was evaporated on to carbon, which was arced. A sensitivity of 1 ppm 
was obtained on 10-mg samples. 

Preconcentration methods for silicon have been largely employed by the Russians. 
Peizulaev et al.’ determined 18 elements by volatilizing as the tetrachloride and 
evaporating the residue on strontium sulfate for arcing. Martynov et al.* volatilized 
silica samples with hydrofluoric acid, evaporating on to carbon in a nitrogen 
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-atmosphere prior to examination in a de arc. Several metals were determined in the 
—10-ppb range by: Zil’bershtein et al. by treating the sample with a mixture of 
hydrofluoric and nitric acid vapors in a specially designed hollow cathode which was | 
then subjected to a discharge. Morachevskii et al.2 used the same concentration 
step but a more conventional de arc source to obtain a similar sensitivity. Both 
liquid- and vapor-phase volatilizations were used by Rudnevskii et al.!* as a precon- 
centration step. Keck et al. distilled the impurities from a silicon rod by heating 
the tip by RF induction in a quartz tube in vacuum. The dopant collecting on the : 
cool part of the tube was arced. This proved to be a semiquantitative method, 
sensitivity about 10 ppb, for aluminum, calcium, copper, magnesium, zinc, and 
titanium. A similar method was employed by Borovskii et al.” for bismuth, lead, | 
zinc, and cadmium although they sublimed in air and condensed directly on an 
electrode. This same procedure was used" for several elements in silicon carbide. 
A specific method for tantalum was described by Tarasevich and Zheleznova” for 
silica in which a solution in hydrofluoric acid was reacted with Rhodamine 6G and 
the complex extracted into benzene or dichloroethane. The organic phase was 
evaporated on carbon with silver as the internal standard and arced to give a 
sensitivity of 0.2 ppm. 

Boron, which is of considerable interest in silicon ‘because it is a p-type dopant, 
presents some problems, since the halides are volatile and its boiling point, 2550°C, 
is even higher than that of silicon, 2355°C. Morrison and Rupp® applied an electro- 
lytic preconcentration step. The sample was dissolved in sodium hydroxide 
solution and transferred to the anolyte compartment of a polyethylene cell; this 
was separated from a more dilute sodium hydroxide solution in the catholyte | 
compartment by an anion-permeable membrane. After a 5-hr electrolysis, the 
anolyte was evaporated to dryness and the powdered residue mixed with an indium 
internal standard and arced in argon. -The sensitivity was 1 ppb. Vasilevskaya et 
al.'® dissolved the sample in a hydrofluoric acid-hydrogen peroxide mixture and 
added mannitol to retain the boron prior to volatilizing the silicon as the tetrafluoride 
(this is the method adapted by Malkova et al.’ to germanium). A sensitivity of 1 
ppm was obtained on arcing the residue. The same procedure.was used by Semov,” 
who increased the sensitivity to 20 ppb by omitting the carbon powder used as a 
collector. | 

Two preconcentration methods have been described for gallium arsenide. Old- 
field and Mack®! removed the arsenic by dissolving the sample in hydrochloric 
acid and adding carbon tetrachloride and bromine. The bromine dissolves in the 
carbon tetrachloride layer and moderates the oxidation reaction. The solution was 
evaporated to smail volume to volatilize the arsenic and then extracted with 
diisopropyl ether to remove the gallium. The remaining solution was evaporated 
and the. residue arced in an argon-oxygen atmosphere. Several metals were deter- 
mined with sensitivities ranging from 5 ppb upward. Kataev and Otmakhova” 
dissolved the sample in aqua regia, evaporated, and redissolved in, hydrochloric 
acid. The gallium was extracted with isobutyl acetate and the solution passed 
through a cation-exchange resin to separate the impurities. These were eluted in 
3 N hydrochloric acid, the eluate evaporated, and the residue arced. A sensitivity 
of 1 ppb was reported for six metallic impurities. 
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The use of reagents in many of these preconcentration methods, added to the 

fact that many impurities can be lost during treatment, renders them open to 
criticism. Direct methods are to be preferred if the sensitivity can be achieved. 
For silicon and germanium, the spectrum is obscured to a great extent by oxide 
bands. Babadag” used alternate controlled arc discharges in argon and air to 
determine arsenic at 1 ppb and phosphorus and selenium at the low-ppm range in - 
germanium dioxide. Several workers analyzed silicon carbide by arcing or 
sparking in air, and there is one reference” to the use of an argon atmosphere, but 
the application was to refractory material and the sensitivities were of ppm level or 
higher. Shvangiradze and Mozgovaya® arced silicon in air to determine six metals 
at a sensitivity around 1 ppm, and Vecsernyes*” used an argon atmosphere for 18 
elements with about the same sensitivity. For the special case of boron in silicon, 
‘an atmosphere of nitrogen has been used*® 3:34 and a sensitivity of 1 ppm obtained. 
Karpel and Shaparova® mixed gallium arsenide with graphite and arced to deter- 
mine eight elements down to about 0.1 ppm. 
_ The comparatively poor sensitivity makes all these direct methods of doubtful 
value for semiconductor-grade materials. However, Morrison et al.,*° in analyzing 
silicon carbide, introduced a variation from the total-burn technique, used by the © 
above workers. They pointed out that the impurities are selectively volatilized 
into the are and, by moving the plate during the burn, the background could be 
reduced with respect to any one impurity. With an argon atmosphere, many ele- 
ments were determined with sensitivities between 10 and 30 ppb. This same prin- | 
ciple was applied by Massengale et al.*” to the analysis of gallium arsenide. The 
principle is illustrated in Fig. 5-3. If we take the case of magnesium, we can obtain 
about 80 percent of the signal in the first half of the burn but, in the same period, 
only half the background, an improvement in the signal-to-noise ratio of 1.6. Iron, 
on the other hand, radiates better than 90 percent of its energy in the last half of the 
_ burn so that we can obtain an improvement of 2. In practice the burn is split into 
three periods, usually over about a 2-min burn. The method is referred to as the 
split-burn technique and is described in detail by Kane.! 

For the III-V compounds gallium arsenide, indium antimonide, and indium 
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Table 5-1. Sensitivity Levels for GaAs, in ppm Atomic, Using the Emission Spectrographic Split-burn Techniquet 


TA . 


; 


IIB IVB 


He 


TIA IVA VA ~ VIA VITA | 


| LS | | Ae | cone | 


a | neem | een | ance | Sn metAinShti 


ne | enna | eee | camino | 


VB VIB VIIB ~ VII IB IIB 


‘a V|G@r [Mn |e |Go (Ni |\Cu [gm |Ga (Ge (As (Se (Br (kr 
70 | 0.02 | 0.015 | 0.007 | 0.03 | 0.12 0.0006 | 5.6 0.1 90 

Rb \sr ly \ar\Nb. (Mo (Teo (Ru (Rh [Pa Ag Ica (in \Sn (Sb (Te (1 (Xe 
40 | 0.08 0.7 | 06 | 0.7 |o.0004] 20 | 0.06] 03 | 03 | 6.0 


eee | eee | eee | eee | ae | eee | es | nen | eS | | cS | ND | SY | EES | ames | coi emees | <ThnSSaRASAESSSS 


ee | | | eS | eS | | eS | | | | eS | | | TS | NS | ei | UNCLEAR TS 


tAdapted from Kane.* 


40 80 40 185 2 | 0.002; 0.2 18 | 0.007; 0.2 


SD A, Le eh a a a, Lhe ey eae en, ean: er eee) PNT ae, eT, FOS er, |e ene eS, (nme ewer meme et 


NY | | | ES | | AS | | NS | TS | NT | I | I | annmmneeeimretniee | rentreiaern 0st 


Analysis of Single Crystals for Chemical Imperfections 109 


arsenide, the basic procedure employs a 200-mg sample loaded into an undercut 
electrode. The sample is arced for 40 sec in the first period. The middle period is 
judged by the residual size and is terminated when the sample reaches about 1mm 
in diameter, Just sufficient to give a final 20- to 30-sec period. The first exposure is 
used to determine aluminum, beryllium, bismuth, boron, cadmium, lead, mag- 
nesium, and silicon and the last exposure to determine chromium, cobalt, copper, 
gold, iron, manganese, nickel, silver, tin, and titanium. The middle period acts as a 
check against the other two; significant line intensities can be measured and added to 
either. Alkali metals will also. appear in the first group, but since, on a large 
spectrograph, a second exposure is usually necessary to detect them, a separate 
procedure is described using only an initial 20-sec period. The very volatile ele- 
ments mercury, phosphorus, tellurium, and zine are also best dealt with separately 
by using a boiler cap on the electrode to enhance the sensitivity. In this case, only 
the first 30 sec of burn is utilized. | | 

This method is very useful for gallium arsenide, and the sensitivities obtainable 
are given in Table 5-1. These values, due to Klein and quoted by Kane,” range | 
down to | ppb atomic for some elements of interest. | 

A method for silicon and germanium is also given in detail by Kane.! It is a 
modification of the method of Morrison et al.36 The first period of 60 sec is carried 
out in an atmosphere of argon, and the middle and last periods of 10 to 30 sec 
in air. The use of argon throughout, as recommended by Morrison et al., leads to 
exposures running into several minutes. The use.of two atmospheres is a compromise 
between sensitivity and speed; as a consequence, this method is considerably less 
successful than that for gallium arsenide. The problems are increased by the lower 
densities of the materials. Samples of only 20 mg of silicon or 40 mg of germanium 
can be used, a loss of one order of magnitude immediately. For the less volatile - 
elemenws, the heavier background from band structure lowers the signal-to-noise 
ratio. By and large, the sensitivities. are ten to one hundred times poorer than for 
gallium arsenide, making this method for semiconductors of doubtful value. It 
may well be that use of an alternative atmosphere, e.g., nitrogen or helium, would 
be advantageous. 
_ Two other applications of emission spectroscopy have been described in which a 
gaseous discharge is the exciting medium. Babko and Get’man” passed oxygen over 
germanium heated to 950 to 1000°C. Hydrogen was combined to form water, 
which was frozen out in a special tube at liquid-air temperature. After 1 hr, the 
combustion was stopped and the water allowed to vaporize into an electrodeless 
gas discharge tube at low pressure. The intensity of a hydrogen line was measured 
from a photographic plate and the hydrogen content of the germanium calculated. 
Andrychuk and Jones*! devised an excitation source for several elements in gallium - 
arsenide in which the sample is contained in a hollow anode and a discharge is 
initiated between this and a heated cathode in a pressure of 150 u of helium. Oxygen, 
nitrogen, hydrogen, phosphorus, sulfur, and halogens could be detected by directing 
the emission to a spectrograph; but the sensitivities were poor, about 0.05 percent | 
for most of them. Generally, the important halogens and sulfur cannot be deter- 
mined by emission spectrography. 
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As was seen in Sec. 5-3, emission spectrography is a very useful technique for 
determining many elements in the IIIJ-V compounds, although. for. silicon and 
germanium it is of decidedly less value. Even for the III-Vs it is restricted essen- 
tially to the metallic elements. Of broader application and, in general, of higher 
sensitivity is mass spectroscopy. | | 

The first attempt to apply this technique to analysis of semiconductors appears _ 
to be due to Honig,” who heated germanium stepwise from 500 to 1200°C inside a 
conventional 180° mass spectrometer. ‘The impurities were vaporized and ionized | 
by 45-volt electrons. The total ion current for each impurity was related to concen- 
tration. Levels in general were high, above 10 ppm. A few months later, Hannay 
and Ahearn* published a paper describing the application of a double-focusing 
mass spectrograph of the Mattauch type to the analysis of germanium, silicon, and 
antimony, and all subsequent work on bulk material has used the same technique. 

The instrument used by Hannay and Ahearn was originally designed by Shaw and 
Rall and consisted of a high-voltage, high-frequency vacuum spark source, an 
electrostatic sector to provide a monoenergetic beam of ions to the magnetic sector, 
and a photographic plate detector. This instrument was manufactured subse- 
- quently by Associated Electrical Industries, Ltd. (AEI), as their Model MS7 and 
became available commercially around 1958. Consolidated Electrodynamics 
Corporation (CEC) followed with their version, Model 21-110, and this led to a 
widespread application of the technique to semiconductor materials. Craig et al. 
have described the AEI instrument, and a schematic is given in Fig. 5-4. The CEC 
instrument is basically the same and has been described by Robinson et al.‘ 
It has narrower slits, so that it has somewhat better resolution but requires 
longer exposure times. The paper by Craig et al. in which the instrument was 
described also included a method for solid samples which is now generally used. 
The method was applied to silicon by Craig et al.,47 Duke,“* and of course, 
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Fig. 5-4. Schematic of solids mass spectrograph. (From Craig et al.45) 
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Ahearn.*?49 Germanium has been examined by Ahearn“? and several III-V 
compounds by Craig et al.,47>°*! Willardson,” and Brice et al.* 

The procedure is given in detail by Kane. The sample is in the form of bars, 1 
mm? cross section and 2 cm long, held in adjustable holders in the source section 
of the instrument. After pumping down to a good vacuum, a spark is generated 
between the two self-electrodes held about 1 mm apart. The spark is from a 
radiofrequency oscillator of 500 khz, and the pulse duration and frequency, as 
well as the voltage, can be adjusted. The pulse duration may be varied from 25 to- 
200 usec, and the frequency from 10 to 10,000 hz. The voltage can be varied up to 
100 kv on a-percentage scale. The parameters are chosen on an empirical basis to 
give the best impurity response in the. particular matrix under investigation. It 
is Judged by the response of the ion integrator, 1.e., by the achievement of a satis- 
factory level of ion generation. | | 

When the source parameters have been determined and the spark established, 
a series of exposures is made, based on the lon-integrator readings. These exposures 
usually vary from 0.0003 to 1,000 ncoul in a 3:10 series. The pulse repetition 
rate is increased for the longer exposures in order to maintain a reasonable elapsed 
time. The spectrum is recorded on a photographic plate. A typical series of 
spectra for silicon is shown in Fig. 5-5. - | 

By using the known isotopic masses for the matrix element, it is possible to 
construct a scale of mass-to-charge ratios in order. to identify the tines of the 
impurity elements. With these identified, a semiquantitative estimate of the 
amount can be made visually. A calibration factor, or so-called ‘plate sensitivity 

factor,” S> is first calculated. S, is defined as the least amount, in ppm atomic, 
of any isotope which is just detectable at the longest exposure on the plate (usually 
1,000 neon). It is defined regardless of the element, and this points up one of the 
basic assumptions in this treatment: that all elements have an equal chance of 
reaching the plate. As we shall see later, this may not be completely true. How- 
ever, S, is determined by finding a line due to a minor isotope of the matrix element 
which is just detectable in one of the exposures, say H,. Then 

E, I 


x = X 108 


Sp = Emax’ 100 


where Emax = Maximum exposure 
I, = isotopic abundance 
This is the case for an elemental semiconductor; for compound semiconductors 


<— oul, 1079 


n/e—> 


Fig. 5-5. Graded series of mass spectrographic exposures for silicon sample. 
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such as the III-V compounds the value obviously must be further corrected for 
the atomic percentage of the selected matrix element. To determine the content 
of an impurity, the same relationship is applied to a just detectable line from an 
impurity isotope by substituting the appropriate isotopic abundance, i.e., 


Emax ., 100 
ane 


Concentration (ppm atomic) = S, X 


where HL; = just detectable exposure 
I; = isotopic abundance 
The use of atomic ppm follows from the treatment and the basic esciniption of 
independence of element. It is related to ppm by'weight by the expression 


ppm by weight = 


M; 
M, 
where (7; = atomic weight of impurity 
M, = atomic (or equivalent) weight of matrix 
If we take the example of 2 ppb atomic boron in silicon, 
; 10.8 
ppm by weight = 0.002 x 3g = = 0.00075 
(= 0.75 ppb) 


This, as was shown in Sec. 3-8, is 10 atoms/cm’. More directly, 


| AXd 
3 = ——— 
Atoms/cm ppb atomic X i, x 10° 
where A = Avogadro’s number = 6 X 1078 
d = density of bulk material 
Again, for our example, 
6 xX 108 x 2.4 
3 — ouis 14 
Atomnavens 2 x 98 3S 10° = Or 


An alternative procedure uses a densitometer, and this photometric procedure 
is claimed to be more reproducible. However, it is less sensitive and, in view of the 
many uncertainties in the ion generation, it hardly seems to warrant the extra 
effort. 

Sensitivity data have been given by beveral workers. The most comprehensive 
are due to the AEI personnel and are given in a series of technical bulletins available 
in the United States from Picker-Nuclear.' Among the semiconductors investi- 
gated were silicon, gallium arsenide,» gallium phosphide,** and indium antimonide.” 
Woolston and Honig gave sensitivity figures for gallium arsenide which were 
referenced by Honig® in a later publication. Sensitivities of gallium arsenide have 
also been given by Brice et al. and by Klein, quoted by Kane.® These latter figures 
are given in. Table 5-2. With one or two exceptions, they are not significantly 
different from the other sources given nor markedly different from those for other 
semiconductors. About 3 ppb atomic is probably the commonest sensitivity level, 


tPicker-Nuclear, 1275 Mamaroneck Avenue, White Plains, N.Y. 


Analysis of Single Crystals for Chemical Imperfections 113 


although several exceptions will be found. Compared with Table 5-1, they are 
generally of the order of 100 times more sensitive than emission spectrographic 
values and, of course, cover a wider range of elements. However, it should be 
pointed out that this is not entirely the case; several electrically important elements 
show equal or even better sensitivity with emission spectrography. Copper is an 
important case in point. | 

The quantitative treatment outlined above includes a plate calibration, which is 
a threshold ion sensitivity, and an internal standard treatment in which an isotope 
of a matrix element provides the reference line. The basic assumpticns are (1) 
that all ions affect the photographic plate equally and (2) that the ion-source 
parameters are such that all the elements present are sampled equally. Hannay 
and Ahearn* believed these to be generally valid, and their results for boron in 
silicon and germanium in antimony appeared to confirm this within a factor of 3. 
Owens and Giardino® investigated several sources of error, working with IIJ-V 
compounds and a stainless steel, and confirmed the equal response of the photo- 
graphic plate to ions of different elements, at least for the Ilford Q2 plates which are 
usually used in this work. They ascribed major discrepancies which had been 
encountered to variations in the ion source. Woolston and Honig® studied the 
energy distribution in the RF spark for several different matrices, and distribution 
curves for four are given in Fig. 5-6. It is evident that the elements do not respond 
equally, and since the bandpass of the electric sector is, for this case, 20 kv + 300 
volts different fractions of the total ions are sampled for the magnetic sector. Better 
‘than 90 percent of the germanium is passed, but only about one-third of the silicon. | 
If these same values were valid for silicon in a germanium sample, calculated values 
would be too high by a factor of 3. While this is still within the generally accepted 
range of accuracy, the information available is extremely scanty, and it may well 
be that other elements are very much further off. 
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Total energy, kv 
Distribution width at 10% intensity point 
AgBr—-O.09kv 
Ge—-0.85 kv 
Au-— 0.91 kv 
' *Si= 3.53 kv 


Fig. 5-6.. Energy distribution in the solids mass spectrograph. (After Woolston and Honig.*) 
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Table 5-2. Sensitivity Levels for GaAs, in ppm Atomic, Using the Solids Mass Spectrograph} 


He 


‘IVA VA. VIA VIIA 
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IA 
Ho 
1 . i | 
IIA IIIA 
Li Be B 
2 0.003 | 0.002 0.003 
Na Mg : Al 
3 10 ~ 1 0.002 


IIB IVB VB- VIB_ VIIB VIII IB IIB 


0.1 | 0.002! 0.05 |-0.01 
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Rb Sr Y Zr Nb _|Mo Tec Ru Rh Pd Ag Cd In Sn Sb |Te I Xe 
3 0.4 0.3 0.2 0.5 0.2 0.06 0.06 0.1 0.007 0.004 | 0.01 | 0.01 | 0.006 | 0.004 | 0.01 | 0.002 
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6 0.002 | 0.04 | 0.02 | 0.01 0.2 | 0.007 | 0.003 | 0.005 | 0.003 0.006 |.0.002 | 0.005 | 0.003 | 0.004 0.002 


Fr R Ac | | | 
. Ce Pr Nd -° |Pm Sm Ku Gd Tb Dy 


6 1.0 | 0.06 | 0.02 0.008 } 0.004 | 0.02 0.002 0.02 | 0.002 | 0.006 | 0.002 | 0.006 | 0.002 | 
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tAdapted from Kane.* 
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More direct estimates of the accuracy have been made. Short and Keene 
used a number of standard metal samples to determine the “ionization efficiency 
factor’ for different elements in the same matrix and for the same element in 
different matrices. They found these factors, which were simply-ratios of found to 
known impurity contents, to vary from 0.7 to about 5, with one or two exceptional 
values as high as 10. A series of three indium antimonide samples containing 3 
and 10 ppm Zn, determined by radioactivation and Hall measurement, was also 
examined by three different laboratories. In this case, values of-1.1, 1.4, and 2.1 
were obtained, really quite good agreement. Ahearn et al.*® compared mass spectro- 
graphic values for zinc, silicon, germanium, tin, selenium, tellurium, and sulfur in 
gallium phosphide with those obtained spectrophotometrically and obtained 
“relative sensitivity coefficients’ (identical to the “ionization efficiency factors”’ 
above) between 0.5 and 1.5. Brice et al. obtained relatively good agreement for a 
number of dopants in gallium arsenide as compared with electrical evaluation. 

In general, there is good reason to believe that for III-V compounds the accuracy 
of the method is within the generally accepted factor of 3. This is borne out by 
results obtained by Klein and Larrabee for a restricted number of gallium arsenide 
samples. In these, the impurities were added as radiotracers during crystal growth, 
and their concentrations determined by counting. They were then used to check 
the electrical evaluation and mass and emission spectrographic values. The results 
are given in Table 5-3. The agreement, generally, is acceptable. Similar experi- 
ments were carried out on silicon, with the exception that the impurities were added 
in the inactive form, determined by activation analysis, and compared with the 
electrical evaluation and mass spectrographic analyses. The results are given in 
Table 5-4. While the agreement between the activation analyses and electrical 
evaluations is good, the mass spectrographic values are high, in one case by a factor 
of 100. There is no information on the accuracy of- determinations in germanium. | 
Values for both these elemental semiconductors must be accepted with: caution 
although, since correction factors generally are high, they can,usually be assumed 
to represent upper limits of impurity. | | 

There is an undoubted need for reliable standards in this technique. An empirical 
calibration, similar to that used for emission spectrographic calibration curves, 
would considerably enhance the confidence in the results. 


Table 5-3. Results of Analyses for Dopants in GaAs in ppm Atomic 


Crystals Dopant Radiotracer Electrical Emission Mass 
OW 138/4 Sn 7 0.81 0.74 1.5 1.5 
OW 149/9 Sn 6.7 6.0 9.0 12 
OW 164/5 Sn 53 47 97 95 
OW 168/9 Te 47 48 «384 43 
GC 237/24 Zn. 12 7.0 : 8.4 11 
3-51/12 Fe 0.57 | : 2.7 2.4 
555-217 /10 Cr 0.51 (0.6 1.6 


ee ae 
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JTable 5-4. Results of Analysis for Dopants in Silicon in ppm Atomic | 


Crystals Dopant Radiotracer Electrical _ Mass 
08602 Pp * 1.4 1.2 2.2 
0.3-0.4 ; Ga 1.5 16 © 41 
0.6-1.0 | Ga 0.4 0.54 17 

—-0.6-0.7 In | 0.58 0.50 64. 
S-3477 As ~ 100 a7 _ 3890 
RSB 4451 Sb 2.5 2.3 21 


~ NSB 02356 Sb | 26 12 71 


5-5. ACTIVATION ANALYSIS 


While the emission and mass spectrographic methods are probably the most 
generally useful inasmuch as they provide a survey of the material in question, 
they are really borderline in their sensitivity. A content of 2 ppb atomic corresponds 
to 10% atoms/cm? in silicon, and this is a not unusual doping range. Dopants, 
possibly adventitious, of a tenth this level could be significant, and traps of very 
much less. can be detrimental. For specific elements, values much below this are of 
interest, and only activation analysis has the necessary sensitivity. 

Activation is accomplished by bombarding the sample either with fast or thermal 
neutrons or with high-energy particles such as protons, tritons, or doubly ionized 
helium nuclei. The ultimate sensitivity is dependent on the amount of radio- 
activity induced in the element being determined, and this is given by the following 


equation: | 
Nava = goN (1 = eM) 


where WN aps 


= induced activity, decompositions/sec 
¢@ = flux, neutrons/(cm?)(sec) - 
o = cross section, barns 


N = number of atoms of target nuclide 
\ = decay constant 
= 0.693 /half-life 

¢t = time of irradiation | 
Since o, NV, and 2 are properties of the material, the sensitivity is dependent on the 
flux and the time of irradiation. For work with semiconductors, only the high- 
thermal-neutron fluxes in the large nuclear reactors will give sensitivities of interest; 
and, in general, fluxes from other sources can be neglected. — 

There are a considerable number of applications of this technique to semicon- 
ductors mentioned in the literature, and a comprehensive review and summary has 
been given by Cali.® The earliest appears to be due to Smales and Brown, who, 
in 1950, described a method for arsenic in germanium dioxide and specifically 
mentioned its use in semicomsiuctor work. This method was amplified in a later 
publication by Smales and Pate.*? After irradiation, the bulk of the germanium is 
distilled off from a hydrochloric acid—chlorine mixture (cf. Secs. 3-5 and 3-6) ,the 

residue reduced with hydrobromic acid, and the arsenic then distilled over. The 
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distillate is counted through a 300 mg/cm? beta absorber by a scintillation B- 
counter. The method suffered one of the interferences commonly encountered in 
this technique. The active isotope of arsenic is formed by the reaction | 


Ag —> As 


\ 


However, one of the germanium isotopes undergoes the reaction 


Be 2% 7¢ 3 As 
and another 
Uo ™% Ge sien Ag 2 7A 


7*As can be distinguished from “As by the difference in energy; beta counting 
through an absorber can eliminate much of this interference. “As cannot, of 
course, be identified as from any one source. Fortunately, this latter reaction, since 
it is second order, has a very low yield, and interference in Smales’s method was 
less than 1 ppb. The same procedure was used by Jaskolska and Wodkiewicz.® 
Leliaert® determined arsenic and phosphorus in diffusion studies by passing the 
fluoride solution over Dowex-1, an anion exchanger. The germanium complex is 
retained, and arsenic and phosphorus, in the pentavalent form, are eluted. Arsenic 
is precipitated as the trisulfide and phosphorus as the phosphomolybdate for 
counting. The arsenic determination in germanium has been refined more recently 
by De Soete et al.,” who preferred to separate the arsenic by homogeneous precipita- 
tion as the sulfide, using thioacetamide. They used the As as an internal standard 
and employed y-ray spectroscopy for levels above 50 ppb. Below this, and down to 
one ppb, they retained the 6-counting technique. 

Of other specific analyses, Szekely”! determined copper in germanium by evaporat- 
ing an aqua regia solution of the irradiated sample to dryness to drive off germanium 
and then reducing any arsenic to the trichloride to volatilize it. The residues were 
reduced with sulfur dioxide and copper precipitated as cuprous thiocyanate for 
B-counting. This particular determination is essentially free from interfering 
reactions. Gottfried and Yakovlev” used the same general procedure with some 
additional steps to remove other possible interfering elements. Extraction of the 
neocuproine complex of copper from aqueous fluoride solution into chloroform was 
applied by Leliaert.”? Lloyd” devised a method for tellurium in which the #1 
produced by . 


10Te 2, 181Te 25, 131] 


was separated. This has a half-life of 8 days, so that the shorter-lived germanium 
activities can be allowed to decay before handling. The iodine was separated by 
oxidation and extraction into carbon tetrachloride prior to’ B-counting. On a 1-g 
sample, a sensitivity of 4 ppb was obtained. Rommel” activated boron in ger- 
manium to "C using protons and deuterons to give a sensitivity of 1 ppb; nitrogen — 
interferes. However, this determination requires irradiation in a cyclotron; more- 
over, the half-life of “C is only 20 min, so that the combustion separation of the 
product must be carried out on the site. 

Somewhat simpler chemical procedures have been devised by Ruzicka and his 


~ where a 
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coworkers. Ruzicka and Stary’® introduced the principle of substoichiometric. 
separations to activation analysis. In this, for an element to be determined, the 
induced activity A is given by | a | 


A=a 


ll 


activity of recovered fraction of weight m 
x = amount of carrier added 
Similarly, for a standard sample simultaneously irradiated, 


yA 

Ys s 
and. if t= 2, 
and mM ="Ms 
then | | Y= Ya— 


s. 


If the amounts of carrier added are equal and the amounts of element separated — 


- are equal, then the ratio of the two activities will give the unknown concentration 


1 


y. The first requirement is easily met since this is the amount of inactive element 
added after irradiation. The second is met by adding an amount of reagent, e.g., 
precipitant, insufficient for the amount of carrier added, i.e., a substoichiometric 
amount. This procedure has two advantages: (1) the reagent is more selective. 
than when added in excess, and (2) no chemical yield need be determined since the 
conditions are the same for both sample and standard. Ruzicka et al. subsequently 
applied this to the determination of zinc and copper” in germanium dioxide by 
extracting with dithizone in carbon tetrachloride from suitably complexed solutions, 


_of indium” by first separating in dithizone in carbon tetrachloride, then extracting 


this with aqueous EDTA, and of molybdenum” by extracting with 8- 
hydroxyquinoline in chloroform. In each. case, the extracting reagent was in 
substoichiometric amount. Sensitivities better than 1 ppm were obtained by using 
a flux of 5 & 10” etrone) (cm?) (sec) without any great enor: toward ultimate 
levels. 

A comprehensive scheme was devised by Morrison and Cosgrove for the analysis 
of germanium. After distilling off germanium chloride in the usual way, the residue 
was reduced and arsenic trichloride distilled over. Total arsenic activity was 


measured with a single-channel recording y-ray spectrometer at 0.55 and 1.22 Mev. 


The interference-from As was not considered, but the small interference due to the 
second-order reaction on “Ge producing “As was calculated and corrected for. The 
residue in the flask was evaporated to dryness and submitted to y-ray spectroscopy. 
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Almost all the heavy metals could be determined by this procedure, as shown in 
Fig. 5-7. The only other interference encountered was from the reaction 


K 
0G OL 1Ge—> Ga ™, 2Ca 


This also is a second-order reaction, and its contribution to the gallium-72 activity 
was calculat d and a correction made. The sensitivity was between 1 ppb and 1 
ppm for the majority of elements, but the flux used was only 3.4 X 10” neutrons/ 
(cm?) (sec). Apparently identical piGeedules were used by Yakovlev et al.® and by 
Rytchkov and Glukhareva.” Robertson® used the Separation shown in Fig. 5-8 
prior to 8-counting. However, it is difficult to achieve radiochemical purity, and 
y-ray spectroscopy is a valuable addition if the equipment is available. 
' The direct y-ray spectroscopy of germanium presents some problems inasmuch 
as the residual activity is due to relatively long-lived isotopes. Germanium-76 has 
an isotopic abundance of 7.76% and produces “Ge with a half-life of 11 hr. In 
addition, it decays to another unstable species, “As with a 36-hr half-life. The 
nuclear reactions are shown as 


ie, Tig 2 i Ne Bo TI 


De Neve et al.*4 have shown the significant interferences to be due to two fast- 
neutron reactions: 
Ge 7a 


and 2Xo 2S 69mZn 


Ge has an isotopic abundance of 27.37%, “Ga has a half-life of 14.2 hr, and 
69m7n a half-life of 13.8 hr. The contribution of both these reactions was not 
considered in the method of Morrison and Cosgrove.” | 

If we assume a 24-hr period for return of samples from the reactor, the original 
high level of activity due to the matrix has decayed to only one-fourth of its original 
_ value, based on. Ge, and by considerably less in total activity. A preliminary 
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Solution of metal and carriers 


Evaporation to moist residue | 


Dissolve residue in 2 percent 
ammonium acid fluoride 
solution. Adjust pH to 
2:9 if required 


Pass hydrogen sulfide 
through the cold and 
then warm solution 


Precipitate Solution 


Sulfides of: indium — Germanium and_ nickel 
copper 
- arsenic 
antimony . 4 Boil, add 


ammonia solution 


‘Dissolve precipitate 
in concentrated 
hydrochloric acid. 


Precipitate _ Solution 


Boil, pass hydrogen germanium nickel 
sulfide ; 
Precipitate i Solution 
“copper 3 
arsenic Dilute to 5 N,pass 
Treat precipitate with — . hydrogen sulfide 
N sodium hydroxide 


solution | Precipitate _ Solution 
antimony indium 


Residue - copper | "Solution arsenic . 
Fig. 5-8. Radiochemical separation of impurities in germanium. (From Roberton: 88) 


chemical separation is almost mandatory even if y-ray spectrometry, is used. On 
the other hand, the sili con activity is due to | 


309; “7, —Y, 319} eS, 31P 


80Si has only a 3% isotopic abundance and *Si only a 2.6-hr half-life. In 24 hr, the 
activity has decayed to 2~, that is, to 0.2 percent of its original value, which was 
lower to start with. This makes a chemical separation often unnecessary if y-ray 
spectroscopy is used. The attractiveness of this procedure is reflected in the con-. 
siderably larger volume of literature dealing with this matrix. 

The earliest applications to semiconductor silicon appeared almost simultaneously 
in 1955. James and Richards® applied Smales and Pate’s method for arsenic in 
germanium virtually unchanged to silicon. They reported a sensitivity better than 
1 ppb. Morrison and Cosgrove® published a comprehensive scheme for y-ray 
spectrometry in which no chemical separation was necessary. No interference was 
encountered with the y-emitters, and the elements detectable were again those _ 
shown in Fig. 5-7. Sensitivities, using a flux of 3.4 X 10” neutrons /(cm2) (sec), 
were between 1 ppb and 1 ppm. Figure 5-7 also shows that several important 
elements form 6-emit ters on irradiation, and these cannot, of course, be determined 
by y-ray spectroscopy. They were determined by @-counting by using calibrated 
aluminum absorbers in a Feather analysis. Kant et al.®’ carried out a separation 
‘into five groups, from which the individual elements were separated and 6-counted. 
The phosphorus content was corrected for the ™P formed from .*°Si. James and 
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Richards® gave values for 12 elements in two samples of silicon and described their 
method as a radiochemical separation which was different from that of Kant et al. 
but neglected to give details. A detailed scheme for 29 elements was given by 
Thompson et al.® and is essentially a sulfide separation. The group separations 
take into account the necessity of dealing with the short-lived isotopes first. 

The direct application of y-ray spectroscopy is naturally very attractive and 
has been applied by a number of workers.®!:82.%-92 However, for the highest sensi- 
tivity, a separation procedure is to be recommended. Yakovlev et al.*! used a 
hydroxide procedure, but perhaps the most useful of the comprehensive schemes 


The irradiated sample 


The solution of elements 
to be separated 
in 6N HNO3+2N HClO, 
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Fig. 5-9. Chromatographic separation in the activation analysis of silicon. (After Moiseev et:al.%) 
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is that due to Gebauhr et al.% They divided their determinations into three 
groups based on the half-lives of the isotopes formed. The short-lived isotopes are 
those with t12 from 0.3 to 15 hr and the separation scheme is shown in Table 5-5. 
Medium-lived isotopes are those with ti. 12 to 90 hr, and long-lived isotopes 
those above 90 hr. The separation schemes for these groups are given in Tables 
5-6 and 5-7, respectively. Sensitivities as high as 0.001 ppb were obtained on 30 
elements. | 

An alternative separation procedure was first applied to siligon by Nakai et al.,% 
namely, separation of the halogen complexes of a number of elements by anion 
exchange. The method was developed by Kalinin et al.,° using the fluorocomplexes, 
and is given in detail by Moiseev et al. The separation scheme is shown in Fig. 
5-9. A nitric-perchloric acid solution of the sample is passed first over an anion 


Table 5-5. Scheme for the Separation of Short-lived Radioisotopesf 


Radioisotopes ....... Be | ered. Cw | ain | Mn | ‘Ni 197 +199Pt, Te | Zn 
Half-life, hr......... ; 1.4 ~ 543.0 12.8 | 0.9 2.58 | 2.6 190.5 | 0.42 | 0.98 
Carrier, mg........-. 10 5 5 5 5 2 5 5 5 


Digestion (NaOH /KOH + eee 
Dissolve in distilled water 
Add NazCOQOs, NoH,. HCl, Navs.0, 


Soln 


bol Add Naz? =P 
a) Ppt 
Dissolve in aqua regia 
Add 50 mg Si carrier Pot 
Twice to dryness with HCl eer emer tee 2 (Si0:) 


i) Soln 

Add 2 ml satd alcoholic rubeanic acid aan Pt 
| Soln 

Add 2 N H,S0, et Ba 
‘l Soln . 

Add 2.N HCl, SO., N.Hy.HC]—___="*, Te 
i) Soln - 

Add NH,OH (cold, pH 9) ———_____""5 In. 
| Soln 

Add 3 N H,80,, boil, add H,§ ————*"", Cu 

. | Soln 

Add H,S at pH 1 ——________F#t. , Cd 
ib Soln 


Add NH,OH8, Hig Pt Mn8S + NiS 


Add HNO;, KCIO; =2%s Mn 
| Soln 


Add NH,OH, dimethylglyoxime —2 Ni 


{Translated from Gebauhr et al.% 


6b 


Table 5-6. Scheme for the Separation of Radioisotopes of Medium Half-life (12-90 hr)t 


The elements in parentheses were determined only occasionally 


RADIOIsoTOPES....| As | Au | @Br | sca) | «cu | Ge | ste | Mo | ana | ep | gp | ew | zn 
Tale Gaye seonccal AA 2.7 1.5 3.4 | 0.53 | 0.51 | 47 2.8 | 0.62 14 | 28 1.0 | 0.58 


Carrier.............. 5 mg each. (31Ba), Co, Cr, Fe, and rare earths (total) were also included for information. 


Volatilization of SiF, from HF/HNO,/H,SO, mixture (100°C-315°C) ——**—> Si (Hg) (Br) 


al Residue 
Add HCl, Bro (140°C) ZS, GeCl, + H,S—— 2s Ge 
t Residue 


Add Byrnes HCl (230°C) ———> ‘AsCl; + SbCl; 


Add HCI (9 N), HS. od Lae 
. Solution 
Residue 
Add HCl (2 N), HS ~2* Sb 
Filter ———~2* —__, Au (Ba) (W) 
lt Filtrate | 
Add 3 N H,80,, H,§ ——?*—_,. Cu 
t Solution 
Add HNO;,, boil off HS, add ZrO (NO;), ~2%+ 
(Rare earths) es: Add NH,F(pH 2) Add alcohol (boil), NH,OH —> au Fe, Cr 
1 Solution 1 Solution 
(Mo) <=2*_ Add H;SOx (5%), benzoinoxime Add NH,OH (pH 9) + H,8 72° Co, Zn 
1 Solution i Solution 
(Cd) -2P*_ Add HLS Boil off H,S, add HCl gas (ice cold) —2*+ Na 


{Translated from Gebauhr et al.% 
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Table 5-7. Separation Scheme of Long-lived Radioisotopest 


SiF, distillation ———~> Si, He 


| Residue 
Reductive distillation es Sb, As, Se 
| Residue 
Filter 


Filtrate Ppt 


Ca, Fe, Cr, In, Cd, Zn, Co, (P) Ta, W, Au, Ba, Ag, (P) 
| a -_ | 
Hydroxide pptn —— Fe, Cr, In (P) HF + HNO, + HCl 22%, Ba, Ag 
Oxalate pptn ———> Ca HS precip ——— In Reduction ———> Au 
| Oxidized 7 
HS pptn———>- Cd_ NaOH precip ———> Fe. NH,OH precip So Ea 
4 | ‘ 
(NH,)25 pptn —— Zn, Molybdate———> P__ Fe On pinceaten precip =P. 
Co Pptn 
i} 
Reduction | Concentrate with HNO; ——~ W 


NH,OH precip ——— Cr 


| +Translated from Gebauhr et. al.9 


exchanger on' which gold is adsorbed. The eluate is obtained in a hydrofluoric- 
nitric acid mixture and then passed through a cation exchanger. This separates the 
elements into two major groups: (1) those forming fluorocomplexes, e.g., tungsten 
and antimony, or anions, e.g., phosphate and arsenate; and (2) those remaining 
_as cations, e.g., alkalis and alkaline earths. The two groups are further separated on 
amion exchangers with the alkaline earths being separated in a final fraction on a 
cation exchanger and: the alkali metals on zirconium tungstate, an inorganic 
anion exchanger. The complete separation takes about 3.5 to 4 hr. 

Generally, it 1s not necessary to carry out a complete separation since many of 
‘the elements either are very unlikely contaminants or are electrically inactive. 
Moiseev et al. have shortened their method to a 2-hr operation by separating only 
into groups. Heinen and Larrabee have devised a shortened chemical separation 
which was given in detail by Kane.! It followed the previously published compre- 
hensive schemes i in separating the short-lived isotopes first. It covers eight of the 
more commonly encountered impurities or dopants in silicon. Subsequently, — 
Heinen and Larrabee” modified this procedure somewhat, and this modified scheme 
is given in Fig. 5-10. They compared it with a y-ray spectroscopic technique in 
which the output was treated by a computer program. The flowsheet for this 
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Silicon sample 


Etch with HF-HNOs 

Rinse, weigh, fume to dryness 
Add carriers 

Make 3N with HCi and add HoS 


Solution 
i a SE 
Wash with 4N NH4OH Make 6 N with HCl 
saturated with HaS Extract with ether 
Precipitate Solution Organic . Aqueous 
Au As Sb 
Boil in HNO3 Acidify to re-ppt Buck-sktiadd inlo’ Hed Add KOH 
to dryness sulfides Wash in RAG esas @ pice itste 
Add NH4OH conc HC! Ere mp. 
Solution peed a ee Precipitate 
Precipitate Solution - In(OH) 
Cu(NH3)4++ str ; Ga-8- hydroxyquinolate 
Boil, dilute with Dissolve in 4.5 
Add HCl, CrCl H,O N H8r 
Precipitate Boil with HNO3-H2 SO4 ; Add CrCig Extract into 
Distill with HBr-HCl | ether. Add 
wes O.1N HCI, furne 
Precipitate yoy 
Distillate Residue (Se tera a a ih 
mas ute 
Add CrClo Add Ce Precipitate 
Precipitate Erecipiinte In-8- hydroxyquinolate 
Dissolve in aqua 


regia, make 3N in HCI 
Extract into ethyl acetate 


Add O.1N HCI, fume 


away organic. Make 
3.N HCl, add CrClo 


Precipitate 


Fig. 5-10. Radiochemical separation of trace elements in silicon. (Adapted from Kane,! modified 
by Heinen and Larrabee.®”) 


treatment, which was based on a linear least-squares fitting program developed by 
Helmer et al.,°* was reported by Kane* and is given in. Fig. 5-11. The program gain- 
shifts the spectrum in relation to the exact position of a well-defined photopeak in 
the standard supplied in the input. The gain-shift subroutine finds this peak. in the 
sample spectrum and, using a three-point parabolic fit, shifts the spectrum to 
match that of the standard. This corrects for shifts within the analyzer and 
photomultiplier shifts due to differences in count rate. ~The ratio of sample to - 
standard intensity is found by a linear least-squares fit. The intensity ratio is 
converted to concentration by using the weights of sample and monitor, count 
times of each, and the decay time elapsed between irradiation and analysis of 
monitor and sample. The y-ray spectroscopic results were biased about 5 percent 
higher than the radiochemical values. One exception was noted with arsenic, and it 
was found that dissolution of silicon in hydrofluoric acid can lead to losses of 
arsenic trifluoride. In general, the spectroscopic method was preferred since it is 
more rapid. Its sensitivity: is better than 0.1 ppb, adequate for much electronic 
material. 

In many cases, only one element is of interest, usually a dopant. One of the more 
important is arsenic, and a method by James and Richards® has already been 
mentioned. They dissolved the silicon in sodium hydroxide containing hydrogen | 
peroxide with arsenic trioxide as carrier. After acidification with hydrochloric 
acid and reduction to small volume, hydrobromic acid was added and arsenic 
distilled as the trichloride, after which it was reduced to the metal and 6-counted. 


% 
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Start 


Subiract straight line 
AL+BL x CH.no. Form 


Read — 


Call gain © 


ain | peli bars anti solution matrix, calculate 
* subroutine — subtract subroutine position of peak, fit three 


points of data with 
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background 
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intensity spectra, 
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Call least- . 


Obtain spectra 
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for weighted 
function | 


Call double 


precision double Find pivot Test to see Do arithmetic 
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subroutine 
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Call print . = 


‘subroutine 
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Fig: 5-11. Linear least+squares fitting program. (From Kane.**) 
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Harvey and Smith® used the same solution procedure but employed a trap for any 
arsine evolved, which proved to be as high as 50 percent; they also determined 
antimony’ on the same sample. Smales et al.’ criticized James and Richards’ 
method on the basis of this arsine loss and recommended a fusion with sodium 
hydroxide and potassium nitrate. Their method included determinations for 
antimony and copper also. After fusion, the aqueous alkaline solution was treated 
with hydrosulfite; metallic copper and antimony were precipitated. The arsenic 
was distilled as the trichloride and precipitated as metal for counting. The copper 
and antimony were redissolved in hydrochloric acid from which copper was precipi- 
tated by alkali sulfide and counted as the thiocyanate. Autimony was recovered as 
the trisulfide following homogeneous precipitation by thiocyanate. 6-counting gave 
sensitivities of 1 ppb or better. y-ray spectroscopy gave comparable results for all - 
three elements without preliminary chemical separation .but with reduced sensi- 
tivity. However, Heinen and Larrabee” feel that there is some possibility of 
arsenic losses during any alkaline treatment, and, in view of the current sensitivity 
and speed, y-ray spectroscopy is to be preferred for this determination. 

James and Richards" determined phosphorus by dissolving the sample after 
irradiation in a hydrofluoric-nitric acid mixture and subsequently precipitating 
magnesium ammonium phosphate for B-counting. Berthel et al.1 used the same 
procedure and found good agreement between their values and those obtained by 
calculation from Hall measurements assuming a bias due to chlorine. Harvey and 
Smith” dissolved in the same way but then separated the phosphate from cations 
by passage through a cation-exchange resin; iron and copper were subsequently 
eluted and determined. In all cases, corrections must be made for the reaction 


300; MY, sig; B=, arp 2, sxp 


and the effect of this has been calculated by Heinen and Larrabee,*” based on a 
treatment due to Cali.© The theoretical sensitivity and interference from the 
secondary reaction are given in Table 5-8 for a flux of 10" neutrons/(cm?) (sec). 
The optimum irradiation time at this flux is 6 to 24 hr. For a flux of 10” neutrons/ 
(cm?)(sec) it is 3 days; for 10“, 2.4 hr. Both Cali® and Berthel et al.!” pointed out 
the possible interferences from sulfur and chlorine which may be present by the 
reactions ; 

32Q 2, sep 


and | | 350] — 2p 


These are brought about by high-energy neutrons in the flux and are consequently 
less important than the secondary silicon reaction. Heinen and Larrabee” experi- 
mentally determined that, in the particular flux of 10% neutrons/(cm?)(sec) which 
they employed, the contribution of 1 ppb sulfur in a 1-g sample would be 0.185 ppb 
and of chlorine 0.035 ppb to the phosphorus content. Sulfur would not be expected 
to be high in high-purity silicon, although chlorine might be a significant factor in 
some samples since the usual manufacturing process is from the silicon chlorides. 

Nozaki et al. dissolved the irradiated sample by fusion in potassium hydroxide 
and- added potassium iodide as a carrier in the determination of iodine. After 
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Table 5- 8. Phosphorus Detection Limits and intsterenee during. Irradiation at a Flux of 1 x 10" 
neutrons /(sec\(em*)t 


ek ae Detection limit — primary Amount of interference from ~~ 
Irradiation time, days reaction, ppb secondary reaction, ppb © 

0.1 | 1.52 0.2 

05 | 0.31 1.0 
1. 0.16 | 1.9 
3.0 0.05 6.0. 
7.0 | 0.03 14.5 

14.0 | | 0.02 80.60 | 

21.0 © — 0.01 2 ae | © 48.1 - 


| From Heinen and Larrabee.® 


acidification with sulfuric acid, sodium nitrite was added and the liberated iodine 
distilled into sodium sulfite from which it was extracted into xylene, back-extracted 
into sulfite, and finally precipitated as silver iodide for B-counting. A sensitivity 
of 5 ppb was obtained using a 6 X 10" neutrons/(cm?) (sec) flux. Essentially the 
same procedure was later applied!” in a separation of chlorine, bromine, and iodine 
by adding chromic oxide to the acidified sample solution prior to distillation. 
Bromine distills first, the receiver is changed, and, on continuation of the distilla- 
tion, chlorine is evolved. Oxalic acid is added, after. which iodine distills over. 
Each is collected in sulfite and treated by much the same procedure as that de- 
scribed for iodine. About 1 ppm was reported on their samples for the halogen 
from which thé raw material was made. 

Lobanov et al. determined manganese both by y-ray spectroscopy and by 
radiochemical separation as manganese dioxide followed by @-counting. A series 
_ of substoichiometric determinations has been published for heavy metals. Bismuth 
was determined by Ruzicka et al. by extracting into dithizone in chloroform, 
using an insufficient amount of reagent. Several interferences, including copper. 
and gold, are possible in this case. Krivanek et al. determined copper by extract- 
ing the diethyldithiocarbamate into chloroform from a suitably masked solution. 
The substoichiometric yields were submitted to y-ray spectroscopy. Beardsley 
et al. extracted gold substoichiometrically with copper diethyldithiocarbamate 
in chloroform. They claimed high radiochemical purity and a sensitivity of better 
than 1 ppb. Zeman et al.! used a substoichiometric amount of 8-hydroxyquinoline | 
in chloroform to determine gallium. Harvey and Smith!” have applied the classical 
perchlorate separation to the determination of potassium and sodium. 

Boron is of considerable interest in silicon, as it is in germanium, since it is a 

p-type dopant. Unfortunately, the only suitable reactions, as was pointed. out 
above, are | | | 


7 ups uc 


oi | d,n | 
and . WR ak 1() 
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and a cyclotron is required for generation of these high-energy particles. Rommel’: 
applied the same method to silicon as he used for germanium with about the same 
l-ppb sensitivity. Gill,!!! some time earlier, had used the same proton reaction to 
obtain 3-ppb sensitivity. Oxygen also falls into this same class of determination. 
Saito et al." used the reactions | 


a,pn 
—_—— 


16() 18h 


and | 16() 25 18f 


to determine the oxygen content of silicon. | 

The problems of matrix activity encountered with germanium are multiplied 
when III-V compounds are considered. The irradiations produce the nuclear 
reactions given in Table 5-9. The long-lived active species induced in the matrix 
make safe handling .a problem. For some of the longer-lived impurity species, the 
Ga half-life is such that it can be allowed to decay for, say, 2 or 3 weeks prior to 
separation, and this was the approach taken in some of the methods for the metal 
described in Sec. 3-26. However, the addition of arsenic in gallium arsenide makes 
this virtually unworkable since the half-life of 7*As is twice that of ?Ga. In 2 weeks, 
the gallium activity has dropped by a factor of 274 or to 6 X 10-® percent of its 
original level (ignoring Ga), whereas the arsenic activity is down only by a factor 
of 2 or to.0.01 percent of its original activity. As Lloyd” pointed out, 1 g of 
arsenic irradiated for 1 week at a flux of only 10 neutrons/(cm?) (sec) will produce 
1 curie of radioactivity, so that after 2 weeks the activity is still 0.1 mC. Moreover, | 
' the gamma radiation is of high energy, ranging up to 2 Mev, making this even more 
hazardous. Very few impurity isotopes have half-lives that will allow their deter- 
mination at a realistic level after this length of time. 

The half-lives for the active indium and antimony species are even longer. 
Moreover, the indium isotopes have very high capture cross sections which make it 
virtually impossible to activate the sample beyond a few microns of the surface. 

As a consequence of this high matrix activity, very little work has been attempted 
with IIIJ-V compounds. Green et al." determined silicon, zinc, and magnesium by 
using their short-lived radionuclides. The active species were formed by | 


6g —, "7Meg tie = 9.5 min 


HS 3S; be = 2.6hr - 
87n —> Zn ti = 52 min 


Table 5-9. Nuclear Reactions Which Produce Long- 
lived Radiation in Neutron Activation of Ill-V 
Semiconductor Compounds 


Reaction: - Half-life 
1Ga(n,y)"Ga : 14.2 hr 
75As(n,y)78AS ; 26.6 hr 
113Tn (n,y)4In 49 days 
1218b (n,y)!28b 2.8 days 


238 (n,-y)!4Sb 60 days 
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In one half-life, usable activities can be induced, while in the same period: the 
activity of the matrix can be held at a safe level. However, the impurity elements 
must be separated and counted within one half-life also. A rapid transfer system was 
used and fast separation schemes devised. One-hundred-milligram samples were 
used for each determination; they were dissolved electrolytically in nitric acid in 
3 to 4 min. Silica was precipitated by ammonium carbonate, redissolved, twice 
precipitated with perchloric acid, precipitated as molybdenum silicate, and. finally 
precipitated again as silica from perchloric acid. This takes about 2 1/2 hr. Mag- 
nesium was precipitated as the hydroxide ‘with sodium hydroxide, redissolved 
in hydrochloric acid, and passed over an anion exchanger to remove gallium. Mag- 
nesium hydroxide was precipitated from the eluate, redissolved, and finally precipi-- 
tated as ammonium magnesium phosphate. This takes about 20 min. Zinc was 
precipitated as the carbonate, redissolved in hydrochloric acid, and passed over an 
anion exchanger to remove gallium. The zinc removed in the eluate was precipitated 
again as the carbonate, redissolved, precipitated as the mercurithiocyanate, 
redissolved again, and finally precipitated as the quinaldate. This takes about 1 
hr. With these decay times and an irradiation time corresponding to the half-life 
of the particular species, the sensitivity for silicon is 10 ppb, for magnesium and 
zinc about 1 ppm. The sensitivity for zinc is reduced by the fast-neutron reaction 


Gra “2 somZn > Zn 
14 hr 52 min 
Lloyd” was able to use the same procedure for tellurium in gallium arsenide which 
he had applied for germanium and which was described earlier. I is formed as a 
daughter of 'Te, formed by an n,y reaction from “Te. 11 has an 8-day half-life, 
so that it is possible to allow the arsenic to decay without appreciably reducing the 
sensitivity, which proved to be 4 ppb on a 100-mg sample. 
A determination of oxygen in gallium arsenide has been described by Bailey and 
Ross™ which depends on the reaction 


16C) Te ie 


The tritons are formed in a thermal neutron flux by wrapping the sample in lithium 
foil; they are generated by the reaction 


nT , 
6].1 — 4He 


The fluorine was counted after the gallium had been removed from the nitric- 
hydrochloric’ acid solution of the sample by ether extraction and the chloride and 
arsenate precipitated with silver. Alternatively, it could be precipitated as the 
lanthanum salt after the ether extraction. y-ray spectroscopy was used for the 
- determination, and a sensitivity of about 20 ppm was obtained. | 


5-6. SPECTROPHOTOMETRIC ANALYSIS 


- There is a considerable volume of literature on spectrophotometric analysis for 
specific elements in semiconductors, and a selection has been reviewed by Parker and 
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Rees."5 They are of limited value since generally the sensitivities lie somewhere in 
the 0.1- to 1-ppm range. However, they can be used for dopants in some cases, and 
for this reason they are reviewed here. It should be borne in mind that in most 
determinations the reagents will have to be specially purified from the particular 
element being sought since the usual analytical reagents contain levels exceeding 
that in the semiconductor. High-quality water, specially distilled solvents, and 
reagents with very-low blanks are essential and must be assumed in all the pro- 
cedures outlined. 

The most important elements in germanium and silicon, as has already been 
pointed out, are the group III and V dopants and the lifetime killers such as copper 
and gold. It is not surprising, therefore, that one of the éarliest applications of 
these spectrophotometric methods was to the determination of arsenic in germanium. 
dioxide intended for crystal rectifiers. Payne!!® dissolved the oxide in ammonium 
oxalate solution and extracted the arsenic from this into a chlorcform solution of 
diethyldithiocarbamate. Under these conditions, germanium is not extracted. The 
organic solution was decomposed with perchloric .acid and the arsenic determined 
by a Gutzeit test. Luke and Campbell!’ appiied this procedure to germanium, 
using an oxalie acid—hydrogen peroxide dissolution as suggested by Payne. They 
replaced the Gutzeit step by a molybdenum-blue finish. Goto and Kakital® 
used the same procedure, except that solution of the germanium was made in 
hydrogen peroxide. Fowler™ modified the Payne method by replacing the Gutzeit 
test by an absorption of arsine in silver diethyldithiocarbamate solution in pyridine, 
the optical density of which was measured. This eliminated interferences from 
silica, derived from glassware, which he encountered with Luke and Campbell’s 
method. A procedure similar to Payne’s was carried out by Tumanov et al.,!”° 
except that the arsenic was separated from germanium by coprecipitation with 
manganese dioxide. Rezac and Ditz!®! simplified Fowler’s method by removing the 
- germanium by distilling it from a hydrochloric acid solution in a stream of chlorine 
followed by the evolution of arsine into silver diethyldithiocarbamate in pyridine. 
Luke and Campbell avoided this distillation because they found results to be about 
5 percent too low, and the results of Rezac and Ditz, although they noted no loss, 
appear to substantiate this. However, at the levels encountered, this hardly seems 
significant, and the method is the simplest. 

Several of the procedures for arsenic also included methods for antimony. Luke 
and Campbell!” dissolved the sample in nitric-hydrochloric acid containing per- 
chloric acid and boiled to expel germanium chloride, keeping the hot-plate tempera-_ 
ture below 200°C. After evaporating to fumes with sulfuric acid, the antimony was 
reduced with sulfur and extracted as the cupferrate into chloroform, the organic 
matter destroyed with perchloric acid, and the solution extracted with cupferron 
in chloroform, which leaves pentavalent antimony essentially isolated except for 
gold, which is removed by coprecipitation with selenium. The final solution is 
oxidized with ceric sulfate and the complex with Rhodamine B extracted into 
benzene for determination. Goto and Kakita® dissolved the sample in sodium 
hydroxide, acidified with sulfuric acid, and coprecipitated the antimony with 
manganese dioxide; after redissolving in hydrochloric acid and oxidizing with ceric 
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sulfate, the complex with methyl violet was extracted into amyl acetate and its 
optical density measured. Rezac and Ditz!”' distilled off the germanium chloride as 
they did for the arsenic determination, reduced, and extracted the complex with 
crystal. violet into toluene for extinction measurements. The volatilization of 
germanium chloride as used by Luke and Campbell was also employed by Roberts 
et al.,! but they found it necessary to reduce the hot-plate temperature to 130°C 
to avoid losses of antimony. The resultant solution in hydrochloric acid was 
treated first with formic acid (to reduce any Sb!Y to Sb!!!) and then oxidized with 
ceric sulfate (to SbY). The chloro compound was extracted into diisopropyl ether 
and the organic solution shaken with an aqueous Rhodamine B solution; after 
separation, the extinction of the ether layer was measured. This procedure 1s 
probably the easiest. | 

The determination of phosphorus was effected bee Luke ‘and Campbell’ after 
removing the germanium by. volatilization as before, taking care to keep the 
phosphate oxidized and not to heat beyond the fumes of perchloric acid in the 
final evaporation. Hydrobromic acid was added, and arsenic, antimony, and 
selenium were boiled off as the bromides. A little lead was added to plate out 
copper and gold, and fluoborate was added to complex zirconium before finishing © 
with the molybdenum-blue procedure. Ishihara and Taguchi! used much the 
same procedure for germanium oxide, except that they introduced an extraction 
with 8-hydroxyquinoline in chloroform to remove vanadium and carried out the 
molybdenum-blue reduction after extracting the phosphomolybdate into a butanol- . 
chloroform mixture. The same method was arrived at by Roberts et al.,?”2 appar- 
ently independently of Ishihara and Taguchi. 7 

Boron in germanium was determined by Luke! by dissolving the sample in 

sodium hydroxide solution containing hydrogen peroxide, precipitating the ger- 
manate by adding methanol, distilling off methyl borate which was trapped, and 
determining the boron with curcumin. Gallium was determined by Luke and 
Campbell by removing the germanium by volatilization, as in their phosphorus 
method. Gallium chloride was extracted into ether and then back into water, 
sodium cyanide added to complex interferences such as iron, and the 8- 
hydroxyquinolinate extracted into chloroform for determination. Indium was 
also determined by these same authors. After removal of the germanium as 
before, the solution was masked with citrate and extracted with chloroformic 
dithizone; this removes bismuth. The solution was neutralized, cyanide added, 
and the dithizone extraction repeated. The chloroform solution was evaporated and 
treated with perchloric acid to remove organic matter, after which the 8- 
hydroxyquinolinate was formed and extracted into chloroform for an extinction 
measurement. 

A method for copper was employed by Tike and Campbell!” in which, after 
removal of germanium as the chloride, copper was reduced to Cu! with hydrox- 
ylamine hydrochloride and reacted with neocuproine in a citrate buffer, and the 
complex was extracted into chloroform for absorptiometry. Baba’ confirmed the 
superiority of neocuproine over dithizone in determining copper in germanium 
dioxide. He used much the same method.as Luke and Campbell, extracting into 
pentanol instead of chloroform. Titanium has been determined by Nazarenko and 
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Biryuk,!” using the reagent disulfophenylfluorone, 9-( 2’ 4'-disulfophenyl)-2,3,7- 


trihydroxy-6-fluorone, 
O O 
wh OL 
HONAN 77 


OH 
AN pout 


YQ 
SO;H 


After removal of the germanium in the usual way, thioglycolic acid and EDTA are 
added as masking agents, and addition of the reagent in the presence of pyridine 
gives a color with an absorption maximum at 570 my. Luke dissolved in 
hydrochloric-nitric acid, boiled to expel germanium, then reduced any sulfate to 
sulfide. After distilling into ammonia, sulfide was determined as. colloidal lead 
sulfide. An interesting method for iodine in germanium was described by Tumanov 
et al.,}29 in which the reaction between ceric ion and arsenite is used as a measure- 
ment. After solution of the sample in potassium hydroxide and hydrogen peroxide, 
the two reagents are added to the sample and to a blank. The extinctions of the two 
solutions are measured after 60 min; iodine catalyzes the reaction, and the difference 
can be related to its concentration. Unfortunately, several other possible impurities 
also affect the rate. Ducret and Cornet! determined carbon in germanium by 
heating with sulfur in an evacuated tube to 1100°C. Germanium formed the sulfide 
while carbon formed carbon disulfide. After cooling, the tube was opened under 
benzene, uiethylamine added to form diethyldithiocarbamate, and this reacted 
with copper to give a color. Babko et al.'3! have determined oxygen by a somewhat 
similar approach. The sample was fused with sulfur at 700°C when oxygen formed 
sulfur dioxide, which was determined colorimetrically with fuchsine-formaldehyde 
reagent. | 

With a few obvious exceptions, all the above methods can be adapted to ger- 
manium oxide or to germanium halides with minor modifications in the sample 
solution. | 

For the determination of arsenic in silicon, Luke and Campbell" adapted the 
molybdenum-blue method they had devised for germanium, dissolving the sample in 
sodium hydroxide with hydrogen peroxide and removing the silica after dehydration 
with perchloric acid. Nazarenko et al.,!®* after dissolving the sample in sodium 
hydroxide, acidified and distilled off the arsenic as arsine, trapping it in mercuric . 
chloride solution. Molybdenum blue was formed by a molybdate-hydrazine 
reaction and extracted into isoamyl alcohol for color determination. Tumanov 
et al.”° used a Gutzeit test after dissolving the silicon in sodium hydroxide, and a 
variation given by Rigin and Melnichenko!® uses an electrolytic reduction to arsine. 
Phosphorus was determined by Pohl and Bonsels™ by volatilizing the silicon as the 
tetrafluoride and reacting the residue to form molybdenum blue. 

Boron was determined by Luke™ by the same procedure that he used for ger- 
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manium, adding a second precipitation from methanol for the sodium silicate and 
finishing, as before, -with curcumin. Ducret and Seguin! described a rather | 
involved procedure in which silicon was decomposed with an ammonium fluoride 
solution and the fluoborate extracted with tetraphenylarsonium chloride in chloro- 
form. The extract. was evaporated with sodium hydroxide and the residue treated 
with curcumin in ethanol containing trichloracetic acid. After recrystallization by 
drying, the complex was redissolved in methanol and its color measured. Ducret, 1% 
simplified this procedure somewhat by extracting the fluoborate as the methylene- 
blue complex with 1,2-dichloroethane and determining its optical density directly. 
Luke and Flaschen!” increased the sensitivity of Luke’s earlier procedure by 
introducing a hydrothermal treatment of the silicon sample. As much as 1 g 
powdered sample was reacted with 14 ml 0.5% sodium hydroxide solution in a 
platinum-lined autoclave for 5 hr at 350°C and 5,000 psi. The silicon formed 
quartz, but the boron oxide remained in the mother liquor from which it was distilled 
as methyl borate. The distillate was reacted toe form the colorimetric curcumin 
complex. This modification increased the sensitivity to 20 ppb. Barcanescu and 
Minasian! also separated the boron as methyl borate but used the blue color with 
carmine for determination. Pohl et al. used a technique in which a sample, up 
to 20 g, was reacted with bromine at 750°C to form silicon tetrabromide, which was 
subsequently volatilized from the relatively nonvolatile boron tribromide. This 
residue was extracted as methyl borate into isopropyl ether, where it was reacted 
with curcumin. Marczenko and Kasiura dissolved the silicon in nitric- 
hydrofluoric acid containing mannitol and evaporated to dryness. Aluminum sul- 
fate solution was added and heated to dissolve the residue, after which it was 
neutralized with sodium carbonate and ignited. This residue was dissolved in 
sulfuric acid and methyl borate distilled over into aqueous sodium hydroxide 
containing glycerol. The distillate solution was evaporated, ignited, dissolved in 
concentrated sulfuric acid, and reacted in this medium with carmine. Boron was 
determined by Berthel et al.1 by the method of Pohl et al., and they obtained good 
agreement with values calculated from Hall measurements. Roberts et al.!” 
used Luke’s method and were able to improve the sensitivity somewhat by precipi- 
tating the boron-curcumin complex from the final solution and pooeeorane in a 
smaller volume. 

An interesting method for copper in silica was described by Dolmanova and 
Peshkova,™ in which the catalytic effect of this element on the oxidation of hydro- 
quinone by hydrogen peroxide was used as the determining factor. The reaction was | 
followed by measuring the optical density of the solution. A similar approach had 
been mentioned earlier by Burkhalter,*® quoting work by Baird, as being applicable 
to semiconductors. He used the reduction of iron by thiosulfate, following the 
reaction by the color of the ferric salicylate complex. These kinetic methods are 
extremely sensitive. Dolmanova and Peshkova obtained a sensitivity of 5 ppb and 
found it to be surprisingly free of interference. This is not always the case in these 
procedures, as witness the method of Tumanov et al.’ for iodine. This procedure, 
which was described above for germanium, was also used for silicon, but chlorine in 
relatively large amounts can interfere, and other possible impurities such as mercury, — 
silver, lead,.and tellurium can inhibit the reaction. Nevertheless, this approach is a 
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promising one for determinations at levels of interest in semiconductors and probably 
merits more attention. 

Lebedeva and Nazarenko™ determined tin in silicon, using a phenylfluorone 
reagent, | | 


HO Oo ré) 
Ieee 
ie \ 4 x 
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NO, 


To avoid several interferences, the tin is separated first by an extraction with 
diethyldithiocarbamate in chloroform. Nazarenko and Biryuk!” used their 
_ disulfophenylfluorone reagent for the determination of titanium in silicon, removing 
the matrix as silicon tetrafluoride and then proceeding as for germanium. A 
method for iodine was devised by Nazarenko and Shustova" in which, after solution 
of the sample in sodium hydroxide and acidification, the iodide was oxidized to 
iodine with nitrate and extracted into benzene. By oxidizing this to iodate and 
reacting with potassium iodide, a sixfold increase in the iodine was obtained; it was 
measured absorptiometrically in benzene. Carbon was also determined in silicon 
by Ducret and Cornet” by the procedure given above for germanium; silicon 
forms the disulfide, and the subsequent treatment is the same. 

In examining the III-V compounds, the more important dopants are the group IT 
and VI elements, the latter group, the n-type dopants, being of more concern. In 
addition, grcup iV elements such as silicon may also act as dopants. Sulfur was 
determined by Adler and Paff™! in gallium arsenide by the methylene-blue method. 
After dissolving the sample in nitric-hydrochloric acid, arsenic was volatilized as 
the bromide. The sulfate present in the residue after evaporation was reduced by 
hypophosphorous acid in hydriodic acid in a stream of nitrogen, and the sulfide was 
trapped and reacted with N,N-dimethyl-p-phenylenediamine in the presence of 
ferric perchlorate to form methylene blue. A similar procedure was used by 
Goryushina and Biryukova,! except that the evolved sulfide was reacted to form 
colloidal lead sulfide. Selenium was determined by Bush and Cornish™ by coprecipi- 
tating with tellurium as carrier and, after redissolving, reacting with asymmetric 
diphenylhydrazine. Roberts et al.! determined tellurium in gallium arsenide by 
first isolating it as the diethyldithiocarbamate complex in chloroform, then forming 
the iodotellurite yellow color for measurement. They also applied the method used 
for silicon in arsenic (Sec. 3-37) to gallium arsenide. -The arsenic was removed by 
hydrochloric acid and bromine dissolved in carbon tetrachloride, and gallium in the 
residue was removed by extraction of the chloride into ether. The residual hydro- 
chloric acid solution was evaporated to dryness; the residue was dissolved in potas- 
sium hydroxide, acidified, and reacted with molybdate; and the silicomolybdate 
was extracted into n-pentanol and reduced with stannous chloride to molybdenum 
blue. A similar procedure was used by Soldatova and Kristaleva” for phosphorus, 
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the differences being : an extraction into ether instead of apeilanel and ee 
“removal of the arsenic by a hydrochloric-hydrobromic acid evaporation. However, 
according to Goryushina and Esenina,'“8 this gives érratic results, and a hydro- 
chloric acid—bromine mixture is preferable. 

Knizek and Galik™ determined iron in gallium arsenide by dissolving the sample 
in hydrochloric-nitric acid, reducing the iron to ferrous with hydroxylamine, and 
extracting the complex with bathophenanthroline into chloroform for measurement 
(cf. Secs. 38-26 and 3-27). Copper was determined in gallium arsenide by Knizek | 
and Pecenkova, using neocuproine (cf. Secs. 3-26 and 3-27); after reduction with 
hydroxylamine to Cu!, the reagent was added and the complex extracted into 
chloroform for determination of the optical density. 


5-7. -FLUORIMETRIC ANALYSIS | 


Although fluorimetry generally gives better sensitivity than straight absorp- 
tiometry, the number of elements that give suitable complexes is restricted. Con- 
sequently, the number of applications to semiconductors is ‘small, although this 
might be a fruitful field for additional investigation. 

A rapid method for gallium in germanium was devised by shiccuntat: 11 After 
dissolution of the sample in sodium hydroxide containing hydrogen peroxide, the 
solution was acidified and buffered to pH 3.9, and 8-hydroxy-2-methylquinoline 
was added. The complex was nina into chloroform and its fluorescence 
‘measured. 

Parker and Barnes’ utilized the fluorescence of the borate-benzoin soenouid 
for the determination of boron in silicon. The silicon was submitted to the hydro- 
thermal method of Luke and Flaschen,'*” in which the hydrolysis to silica forms an 
insoluble quartz, leaving borate in the sodium hydroxide mother liquor. It was 
separated as ethyl borate by using a high-vacuum distillation and reacted with 
benzoin to form the fluorescent end product. As ensitivity of 0. 03 ppm on a 1.5-g 
~ sample was obtained. 

Gallium was determined in silicon by Nazarenko et al.™ after removal of the 
matrix as the fluoride by forming the fluorescent compound with sulfonaphthol- 
azoresorcinol [1-(2,4-dihydroxyphenylazo)-2-naphthol-4-sulfonic acid]. A sensi- 
tivity of 10 ppb was obtained on a 1-g sample. Alimarin et al. removed silica by 
evaporating with hydrofluoric acid and adding benzene and Rhodamine 6G solution. 
The fluorescent benzene solution was measured for intensity. The method was 
calibrated down to 25 ppb of tantalum as Ta,O; (ef. Sec. 3-17). 


5-8. POLAROGRAPHIC ANALYSIS | 


_ Conventional polarographic methods are generally insufficiently sensitive for 
application to semiconductor materials. The few applications that have been made 


with the dropping-mercury electrode have been in conjunction with one of the - 


more sophisticated polarographs. Gokhshtein et. al. used an oscillographic 
polarograph to determine several impurities in germanium. The sample was 
distilled from hydrochloric acid to remove germanium and the residue taken up in a 
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sodium thiocyanate—base solution. Copper, lead, zinc, and iron were determined 
with a sensitivity of 10 ppb and nickel with a sensitivity of 100 ppb. Ona separate 
sample, the residue was dissolved in a sodium thiosulfate base and silver deter- 
mined to the 10-ppb level. Pohl and Bonsels also used an oscillographic polaro- 
graph for the analysis of silicon. After removing the matrix as the fluoride, the 
residue was oxidized with hydrogen peroxide and extracted with isopropyl ether: 
iron and thallium pass to the organic phase. After removal of organic matter, the’ 
aqueous phase was taken up in an ammonia base and polarographed for copper, 
cadmium, nickel, and zinc. In another run, the aqueous phase was taken up in a 
tartrate base to determine bismuth, lead, indium, and zinc. The organic phase was 
evaporated, organic matter removed, and the residue, after reduction, dissolved 
in a tartrate-base electrolyte and the iron and thallium determined. The sensi- 
tivity was only about 1 ppm. The same instrument was used by Bush and Cornish™® 
to determine selenium in gallium arsenide, using arsenate derived from the sample 
as the base electrolyte. The sample was dissolved in aqua regia, nitric acid evapo-. 
rated off by boiling with hydrochloric acid, and the gallium extracted as the 
chloride into diisopropyl ether. The aqueous phase was repeatedly evaporated 
with nitric acid to ensure oxidation to the pentavalent state, and the resulting 
aqueous solution polarographed. A sensitivitv of 2.5 ppb could be obtained. 

A square-wave polarograph was app! ied by Jennings’ to the determination of 
copper and lead in indium arsenide The sample, after solution in a nitric- 
hydrochloric acid mixture, was evaporated to dryness and the residue dissolved in — 
phosphoric acid for polarography. Copper was determined down to 0.1 ppm and _ 
lead to 0.2 ppm. The same technique was applied! to gallium arsenide. After 
dissolution and evaporation as before, the residue was dissolved in hydrochloric 
acid containing sufficient potassium bromate to oxidize any remaining As! to 
As’. Polarography in this electrolyte gave sensitivities of 0.1 ppm for copper, 
indium, and cadmium and | ppm for bismuth. 

Bush! states that he has applied this last method of Jennings with the addition 
of an extraction of the gallium with isopropyl ether. However, his subsequent 
description is of an extension of his and Cornish’s earlier method for selenium. He 
gave half-wave potentials in a 25% arsenate base for copper, bismuth, antimony 
(III), lead, selenium (IV), cadmium, indium, and tellurium (IV). He does not 
mention the instrument, but in view of this earlier paper it is more probably an 
oscillographic instrument than a square-wave. 

An attractive technique 1s one which we have referred to in Chap. 3 as stripping 
polarography, without further elaboration. This technique has also been described 
as amalgam polarogrophy, stationary-drop nolarography, hanging-mercury-drop- 
electrode (HMDE) ;polarography, and others, but is probably most, accurately 
described as cathodic deposition and voltage-sweep stripping chronoamperometry. 
It has been reviewed by Kemula and Kublik.’° The impurity being sought is' 
concentrated from the base electrolyte by electrolysis into a mercury drop. The 
potential is then reversed and a rapid scan made to obtain an anodic wave. It’ 
has the advantage that sensitivities approximating those of the more exotic instru- 
ments can be obtained by using conventional polarographs. Kataev et al.'® 
applied the method to gallium by dissolving in nitric-hydrochloric acid, evaporating 
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to dryness, and dissolving the residue in potassium hydroxide solution, which was 
used as the base electrolyte. An HMDE was used as a cathode in an electrolysis 
at —1.0 volt for 30 min. The current was then reversed and scanned rapidly to 
+0.4 volt. Copper and lead were determined down to 0.1 ppm. Vinogradova and 
Kamenev'® determined bismuth and antimony in germanium by dissolving in 
nitric-hydrochloric acid mixture, then distilling off both acid and germanium 
chloride. The residue was dissolved in dilute hydrochloric acid and electrolyzed 
~ at —0.3 volt for 30 min using an HMDE. An anodic sweep enabled as little as 1.3- 
ppb bismuth and 2-ppb antimony to be determined. 

Procedures for a number of impurities have been devised by Punon and applied 
to germanium, silicon, gallium arsenide, indium arsenide, and indium antimonide; 
they have been given in detail by Kane.! The essential feature of a polarograph 
suitable for voltage-sweep stripping chronoamperometry is a fast sweep. Such 
instruments are available from Sargent, their Model FS, or Metrohm,{ their 
Polarecord E261-R. The Sargent instrument scans in 1 min, the Polarecord in 48 
sec. It is a relatively simple job to convert any automatic recording polarograph 
to this rapid sweep. For example, the Sargent Model XV is adapted by substituting 


TE. H. Sargent and Co., 4647 West Foster Ave., Chicago, Ill. 60630. 
_ tMetrohm A. G., Herisau, Switzerland. In the United States: Brinkmann Instruments, | 
Cantiague Road, Westbury, N.Y. 11590. 
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three motors: the synchronous sweep motor, converting the sweep time from 10 | 
to 1 min; the chart speed motor, increasing the speed from 1 to 10 in./ min; and the 
pen due motor, increasing the response from 10 to I sec full scale. | 

The HMDE cell.has taken several forms, but one of the more convenient designs, 
and one that is available commercially, is shown in Fig. 5-12. The HMDE itself is — 
constructed from a piece of 26-gauge (0.404-mm) platinum wire mounted in 6-mm 
glass tubing. The wire is sealed and cut off, and the end is polished flat. It is then 
etched back to a depth of 0.5 to 1 mm by boiling in aqua regia. Before use, the 
platinum is mercury plated by electrolysis in a mercurous perchlorate solution. 
The mercury drop itself is formed after the test solution has been added to the 
cell by collecting a standard number, two or three, of drops from the dropping- 
mercury electrode in the drop transfer assembly on hanging the globule from 
the electrode. 

Germanium is solubilized by reacting with a sulfuric-hydrofluoric acid mixture, 
bringing to the boil, adding nitric acid to dissolve, and evaporating to fumes. 
Silicon is treated with nitric-hydrofluoric acid and evaporated to dryness. The 
residue in either case is dissolved in 6 17 ammonia and the solution transferred to 
the cell, deaerated, and electrolyzed for 30 min wiuu standard stirring at —1.5 
volts. An anodic scan is then made from —1.5 to - ¥,1 volt at 0.033 volt/sec. If 
present, impurity peaks will be detected at half-wave potentials as follows: 


Volts 
DAVAO ht ik de: asd Spon LE ok hee — 1.04 
DMGiU Ms obs aiea a ceetaeki le —0.84 
Cadmium..................05. —0.80 
EAD aclra Wi ih BAe ad Acie hg orden s —0.76, 0.61 
PCA 25 655 oll he ease —0.55 
COpper is earmiuhe cer eee oawesa —0.45, 0.22 
Dee i atis es eset desn Ghea toe St — 0.37 
Bismuth sos bans owe ees — 0.24 


The concentrations are determined by the method of standard additions. 

At —1.5 volts gallium will plate out. T avoid this, a modified method was 
devised for gallium arsenide. After evaporation to dryness with nitric-hydrochloric 
acid and dissolution in ammonia, the electrolysis is carried out at — 1.0 volt and the 
subsequent anodic scan from — 1.0 to —0.1 volt. Since this does not include zine, a 
separate determination is made in M. sodium hydroxide, electrolyzing at —1.5 
volts and scanning from —1.5 to —0.1 volt. In this medium, gallium does not 
plate out and zinc has a half-wave potential of — 1.20 volts. | 

Indium arsenide and antimonide present something of a problem since indium is 
electrolyzed at —0. 8 volt. The sample is dissolved in nitrie-hydrochloric acid, 
evaporated to dryness, then evaporated to dryness repeatedly with hydrobromic 
acid to remove arsenic or antimony. The residue is dissolved in hydrobromic acid, 
and indium bromide extracted with isopropyl ether. The aqueous phase-is evapo- 
rated, treated with perchloric acid to remove organic matter, and 6 M@ ammonia 
added for determination as before. A short method for copper, lead, bismuth, and 
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tin avoids much of the treatment by dissolving the nitric-hydrochloric acid residue 
in 0.1 M phosphoric acid and electrolyzing at —0.49 volt before scanning from 
. 0.49 to +0.5 volt. In this medium, the half-wave potentials in volts are | 


is fs 4 ie Vale a ee ee ree eet —0.38 
PGA eee wate ened sateen acs — 0.33 
BiSMuUths <ske deine +r ewe wie +0.05 
COBDS! oni dtiedeee- es eeeeee +0.08 


With the conditions given, sensitivities of about 50 ppb are attainable, although a 
micro cell, such as that used by Vinogradova and Kamenev,!® would undoubtedly 
improve on this. Longer electrolysis times could also be used, although the lower 
limit is set in practice by the reagent impurities. However, these reagents 
are fewer in number than those in a chemical concentration, and there-is no 
transfer required. Consequently, for a specific impurity, this method is well worth 
considering. _ | 


5-9. OTHER CHEMICAL METHODS 


A volumetric method has been described by Galik and Knizek,}® in which a total 
impurity level was estimated in gallium arsenide. After solution in a nitric- 
hydrochloric acid mixture, the solution was evaporated and dissolved in an ammonia- 
tartrate solution; the tartrate masks the gallium. An extraction was made with 
successive 2-ml portions of 10-* M dithizone solution inchloroform until colorless. 
The combined extracts were washed with 0.01 17 ammonia and the aqueous wash 
combined with the previous aqueous phase. The excess was back-titrated with 
standard mercuric solution, plotting a titration curve by absorptiometric measure- 
ments at 620 mu. This gives a quantitative value for nine metals, viz., mercury, 
copper, bismuth, cadmium, lead, cobalt, nickel, zinc, and silver. The sensitivity 
is 2.38 X 10-* mole, or the equivalent of 1.5 ppm Zn on a 1-g sample. 

A method due to Schink!™ determines carbon in silicon by a combustion pro- 
cedure. After dissolution of the sample in sodium hydroxide solution, finely 
divided -silica is added to adsorb any undissolved carbon. The mixture is centri- 
fuged and the solid phase transferred to a tube with a lead chromate combustion 
mixture. The tube carries a calibrated capillary with a drop of water held in it. 
The tube is heated, to 600°C, then cooled, and the volume of carbon dioxide formed 
deduced from the drop position. A range of 25- to 100-ppm carbon was determined. 

Gases in semiconductors have been determined by vacuum-fusion analysis. 
Briefly, this technique melts the sample at an elevated temperature in a graphite 
crucible under high vacuum. Oxygen is converted to carbon monoxide; hydrogen 
and nitrogen evolve as such. They are pumped to a volumetric detection system, 
where the carbon monoxide is converted over copper oxide to carbon dioxide and 
frozen out in a liquid-nitrogen trap. Hydrogen is diffused through palladium, and 
nitrogen is determined bv difference. Since silicon attacks graphite, Beach and 
Guldner’® used an iron bath to dilute it, and a similar procedure was used by 
Donovan et al.’ By careful design of the apparatus, these latter workers were able 
to determine 1 ppm oxygen in silicon. This procedure has also been described by 
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Kane,! using a temperature of 1700°C for the bath. Turovtseva and Kunin!” 
recommended a platinum bath at 1800°C for this determination since, on addition 
of silicon, dissolved carbon is precipitated in the molten iron, forming a pasty mass 
from which gases are slow to evolve. There is no comparable problem with ger- 
manium, and Beach and Guldner™ used a dry bath for determining gases in this 
material. A similar procedure, using a temperature of 1550°C, has been reported 
by Kane.! Wilson ‘et al. used a copper bath for determining gases in gallium 
arsenide and indium antimonide. However, there must be some doubt about the 
retention of the probably volatile oxides of some of these elements in the bath 
long enough for reduction to carbon monoxide, and additional information is needed 
on this point. | 3 


5-10. INFRARED ABSORPTIOMETRY 


In Sec. 2-4, it was pointed out that at absolute temperature the valence band was 
full and the conduction band empty. If, however, energy were supplied to such a 
system, electrons would move from the valence band to the conduction band and 
intrinsic conduction would take place. The energy necessary to bring about this 
transfer can be determined by infrared absorption. Figure 5-13 is a representation 
of the spectrum of a perfect crystal at absolute zero and is characterized by the 
absorption edge, the wavelength at which sufficient energy is supplied for electrons 
to cross the forbidden gap. At room temperature, the absorption edge is 1.8 pu 
for germanium, 1.1 u for silicon, and 0.9 uw for gallium arsenide. 

As well as intrinsic conduction, extrinsic conduction is possible because of the 
presence of n- or p-type dopants. These levels, as discussed in Sec. 5-1, can be at 
various points within the forbidden gap, that is, at energies less than that of the 
forbidden gap. It follows that, in a real crystal, other absorptions will occur at 
wavelengths longer than the absorption edge, corresponding to different impurity 
levels. It should be possible, therefore, to correlate absorption peaks with various 
impurities in the crystal. In practice, this is extremely difficult since the spectra 
are complicated by a number of other factors. At anything other than absolute 
zero, lattice vibrations occur and, in anything but a perfect lattice, free-charge- 


Fig. 5-13. Infrared absorption spectrum of perfect 
crystal at absolute zero. (From Kane,! courtesy of 7 
D. Van Nostrand and Co.) E 
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' carrier absorption occurs. Other interactions are also possible, and the result is an 
exceedingly complex “field which has received considerable attention over many 
years. For a more detailed revfew of this subject, reference must be made else- 
- where.'®-7!_ Suffice it to say that, although it is theoretically possible to identify 
dopants by this procedure, it cannot be recommended as a technique for their 
quantitative determination. 
The case of oxygen in single-crystal germanium or silicon is significantly different. 
_ Kaiser et al.!”? were able to relate an absorption peak at 9 uw with the presence of 
oxygen in samples of single-crystal silicon and further correlated the absorption 
with the oxygen content as determined by vacuum-fusion analysis. They suggested 
that the oxygen was held interstitially and that it was bonded Deuween two silicon 
atoms thus: 


_ The absorption is due to the SiO stretching vibration. Absorption curves for two 
samples at room temperature are given in Fig. 5-14; A contained oxygen dissolved 
from a quartz crucible, whereas B was essentially free. A similar peak was found at 
11.7 uw for oxygen in germanium. In both cases, high-resistivity material had to be 
used in order to reduce the free-charge-carrier absorption to a minimum. The 
detection limit for silicon was 10 atoms oxygen:per cubic centimeter or 0.1 ppm 
by weight. Kaiser and Keck" later calibrated this method against vacuum-fusion 
analyses and obtained a linear relationship from zero to 1.8 K 108 atoms/cm? 
(22 ppm). Above this, silicon dioxide. tends to precipitate from solid solution, and a 
-correlation no longer exists. The relationship can be expressed as 


Concentration, ppm = 3.2 (a — 0.8) | 


where a = absorption. coefficient, cm~, and 0.8 is the coefficient due to lattice 
vibrations at 9.0 uw. This method forms the basis of ASTM Method F45-64T.!™ 
The calibration for germanium was made similarly by Kaiser and Thurmond!” 
for the absorption maximum at 11.7 uw. In this case the linear relationship was 


Concentration, ppm = 0.25 (a — 0.1) 


The maximum solubility of oxygen in germanium is 2.2 X 108 atoms/cm? (10 
ppm). In practice, the method is relatively simple and has been described by Kane.! 
The sample is cut to a thickness of about 5 mm (a somewhat thicker specimen is 
possible for germanium) and optically polished on both sides. After a thickness 
measurement, the infrared spectrum is obtained and the absorption coefficient 
determined at the appropriate wavelength. 
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Fig. 5-14. Absorption coefficient of silicon. (After Kaiser et al.17) 


5-11. STOICHIOMETRY. OF IIl-V COMPOUNDS 


In the case of HI-V compounds, a complicating factor arises inasmuch as an 
excess of one component over the other can be expected to lead to defects in the 
lattice. If there is a gross excess of material, and this may be only a few ppm; @ 
second phase separates. This can be detected as segregates usually by conventional 
metallographic techniques or, for microsegregation in which the particular phase 
must be identified, by microprobe analysis or electron diffraction. | 

For nonstoichiometry above 0.1 percent, volumetric methods can be employed. 
Bachelder and Sparrow™® fused indium antimonide with sodium ‘carbonate and 
sulfur and dissolved in dilute hydrochloric acid. After oxidation of any unreacted 
sulfur with potassium chlorate, the antimony was titrated iodimetrically. Chernikhov 
and Cherkashina!” dissolved indium antimonide, indium arsenide, or gallium 
arsenide in a sulfuric acid-ammonium sulfate mixture, diluted, and titrated the 
arsenic or antimony with potassium bromate. An amperometric titration was used 
by Gallai et’ al.” They dissolved the sample by Chernikhov and Cherkashina’s 
method, diluted, and neutralized. The gallium was titrated amperometrically with 
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' ethanolic N Seavey iohengihwaresyauane: with a Pee electrode at +1. 1 


volts. In Texas Instruments laboratories, EDTA titrations of gallium and indium 


are used with the copper-PAN indicator. 


A somewhat better precision has been obtained by Kelly et al.!” using differential 
spectrophotometry. An indirect method was used. A sample of gallium arsenide 
was dissolved in nitric-hydrochloric acid and taken to fumes with sulfuric acid. 
An aqueous solution of the residue was saturated with sulfur dioxide to reduce the _ 
arsenic to As!!, An aliquot of this solution was added to a standard copper-EDTA 
solution and compared by differential spectrophotometry with a series of standards, 
prepared by taking aliquots from a standard of gallium and arsenic in equivalent 
amounts. The position of the sample absorption against a reference (the highest 
standard) on the calibration curve obtained by measuring the standards against 
the reference was used to calculate the gallium content. A similar procedure, using 


potassium chromate as the reagent, was applied to the determination of arsenic. 


A precision of 0.01 percent could be obtained by using weight aliquots. 

The above: methods are useful in determining variations in stoichiometry in_ 
obviously unsuitable preparations. For example, losses of volatile arsenic may lead 
to a gallium-rich arsenide. Its appearance will indicate that it is nonstoichiomet- 


rid, but, correction will require, for the next run, a knowledge of the arsenic 


deficiency. A much more difficult problem arises when electrical properties 
are indicating a high carrier concentration but there is no evidence of dopants. 
If there is a small, ppm-order deviation.from stoichiometry, the lattice may be 


| able to adjust without precipitating a second phase. Vacancies may be created 


on the deficient component lattice sites, interstitial atoms of the excessive com- 
ponent may be accommodated, or there may even be substitution of the atoms in - 
excess on lattice sites of the other type. All these possibilities will lead to strain in 
the lattice and generate carriers. : | 

_ The problem of finding a few ppm of, say, arsenic in gallium arsenide is obviously 
a formidable one. What is being sought is really atoms of the same element but 
with a different energy environment. Chemical methods can take advantage of this. 
Tumanov et.al. extracted free arsenic with ethanol from gallium arsenide and 
determined it by a Gutzeit test. Their sensitivity was about 0.1 ppm, but since the 
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few trials were done with “prepared” but otherwise unspécified standards, there 
must be some doubt as to the effectiveness of this method. Even if it does extract 
arsenic from gallium arsenide, the question arises as to exactly how this arsenic 
originated. | | 

Physical methods would be expected to show more promise. According to 
Straumanis and Kim,” the gallium arsenide single phase extends from a lattice 
parameter of 5.65326 A at the gallium-rich side to 5. 65298 A on the-arsenic-rich 
side (see Fig. 5-15), with corresponding arsenic contents of 49.998 and 50.009%. 
Since the precision of their measurements was 0.00003 A, it should. be at least 
theoretically possible to obtain a precision in concentration of 20 ppm. However, 
this level of. precision-is very difficult to obtain, and the method is not recom- 
mended, at least not on today’s instrumentation. 

As is evident from the foregoing, there is no satisfactory method for stoichiom- 
etry in the single-phase region of III-V compounds. The x-ray diffraction method 
comes closest, but is extremely demanding and, with a precision of 20 ppm, some- 
what borderline anyway. There is a pressing need for some method that will give 
this property to a precision of 1 ppm or better. 
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Characterization of Single Crystals 
for Physical Imperfections 


6-1. INTRODUCTION 


In Sec. 5-1, the effect of foreign atoms in the lattice on the electrical properties of a 
semiconductor was discussed. The emphasis was mainly on the ability of these 
atoms to change the number of charge carriers and hence the resistivity. The 
presence of these foreign atoms can be determined by compositional methods, and 
these, of course, formed the basis of Chap. 5. There are, however, purely physical 
imperfections in the crystal which can also affect the characteristics of the material. 
The absence of an atom or the presence of unsatisfied bonds can also give rise to 
changes in charge-carrier concentration, mobility, or lifetime. 

In dealing with semiconductor materials, we are fortunate in that the crystal 
lattice is one of the simpler cubic structures. It is generally referred to as the 
diamond structure and consists of two interpenetrating face-centered-cubic lattices. 
Silicon, germanium, and the IIJ-V compounds all have this same structure. This 
cubic habit means that Miller indices are relatively easy to use; the directions are 
normal to the planes, and there is no confusion as to the angles generated between 
planes. 


6-2, POINT DEFECTS 


When a foreign atom enters a crystal lattice, it can do so either substitutionally 
or interstitially, as was pointed out in Sec. 5-1. Either case will set up strain within 
the crystal, but it is localized and affects essentially only one lattice site. Such a 
region of strain is termed a point defect; the lattice can_accommodate this without. 

any interruption in the crystal perfection. Other types of point defects are also 
known. If an atom is simply missing from a lattice site, the defect is termed a 
vacancy or a Schottky defect.:+ This vacancy, which is the absence of an atom from a 


tSuperscript numbers indicate References listed at the end of the chapter. 
151 


152. Characterization of Semiconductor Materials 


lattice site, is not to be confused with a hole, which is the absence of an electron from 
an atom. A somewhat less common defect, although of considerable interest in 
studies of radiation damage, is one in which the atom is displaced from its position in 
the lattice to an interstitial position; such a vacancy interstitial pair is termed a 
Frenkel defect.2, In compound semiconductors, an antistructure defect is possipie» in 
which an atom of A occupies a B site or vice versa. 

The determination of the total foreign atoms in a lattice was described in Chap. 5. 
However, the specific identification of a point defect as such is a very difficult task. 
It has been carried out in one or two cases by use of the field-ion microscope; for 
example, Sugata et al.? were able to observe the nucleation of-silicon and germanium 
on tungsten by this technique. However, it is at present of only limited value in a 
few special cases, and this is outside the scope of this work: In general, information 
on point defects will be limited to that on impurity atoms. 


6-3. DISLOCATIONS 


Of more general interest is another type of defect termed the dislocation. Whereas 
the point defect is an intrinsic part of the crystal and does not alter its perfection, the 
dislocation is a discontinuity in the lattice. It is an area in which there are many un- 
satisfied: bonds or, as they are often termed, dangling bonds. The odd electron which . 

this bond constitutes could either pair with another to form an octet, i.e., act as an 
acceptor, or donate the electron to the conduction band, i.e., act as a donor. In fact, 
it has been shown by Gallagher‘ that, for n-type een ain the introduction of dis- © 
locations increased the resistivity - and decreased the minority-carrier lifetime. 

Pearson et al.5 confirmed this and found that for p-type material the resistivity: re- 
mained virtually unchanged although the lifetime was also reduced. Read®’ sub- — 
sequently developed a theoretical treatment based on the dangling-bond idea which 

explained these observations on the assumption that such a bond was a deep ac-_ 
ceptor (see Sec. 5-1). For p-type material; the reduction in minority-carrier lifetime 
is readily explained, as is the increase in resistivity for n-type material. The reduc- 
tion in minority-carrier lifetime for n-type material is more difficult to understand 
but arises from the fact that, unlike point defects, these acceptors are not isolated . 
but exist in rows. Consequently, space-charge regions are set up in the crystal which 
can act as deep donors. This subject is dealt with in considerable detail in a number 
of works. Suffice it. to say that, although their effect is less marked, the presence 
of dislocations is just as undesirable as the presence of impurity atoms in bulk ma- 
terial. For epitaxial material, as we shall see in Sec. 8-28, the presence of dislocations 
in the substrate can generate ciclor en in the epitaxial film, and these, on a micro-. 
scale, can substantially reduce the yields of microcircuits. The determination and 
aieaL conten of dislocations and their control 1 is consequently ¢ an essential phase of 
semiconductor materials research. 


6-4, EDGE DISLOCATIONS+ 


There are two basic types of dislocation: the edge dislocation and the screw dislo- 
cation. The edge dislocation is illustrated in Fig. 6-1. It can be envisaged as a dis- 


' tAdapted from Kane." . “Bs 
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Fig. 6-1. The edge dislocation. (From Hobstetter.}*) 


placement of part of the crystal by one atomic plane. Alternatively, one can imagine 
an additional layer of atoms ABCD being inserted between two atomic layers of the 
crystal. The result is a plane of atoms that terminates at AD, and this line AD is the 
dislocation. ADFE is termed the slip plane and can be regarded as the plane along 
which the movement has taken place. Figure 6-2a shows an edge dislocation end on 
in two dimensions; A is the dislocation viewed along its direction. The heavy line 
drawn around this ig termed the Burgers circuit, and in Fig. 6-2b is the same circuit 
drawn on a perfect crystal. This circuit is of any shape but must form a closed loop 
around the dislocation. The element missing from the imperfect crystal is termed 
the Burgers vector b. It represents the mismatch of the crystal and is usually one 
lattice spacing. Its direction is perpendicular to the direction of the dislocation, and 
this is characteristic of an edge dislocation. The arrows in the circuit can be ar- 
bitrarily assigned. They have no significance unless.one_is-considering the-inter-. 
action of several dislocations, in which case they must betraversed in the same sense. 
In this conneétion, Fig. 6-2a represents a positive dislocation in which the extra 
half-plane has been inserted above the slip plane, and the Burgers circuit, if drawn 
with the arrows, in the same direction, results in a vector which has a direction 
opposite to that’ of thé negative dislocation. Interaction of a positive and negative 
‘dislocation annihilates both; that is, the two vectors cancel each other out. 

It is easy to see from Figs. 6-1 and 6-2 that insertion of the extra half-plane of 
atoms must lead to a condition of strain extending several atoms from the disloca- 
tion, both above and below the slip plane. Above the plane (in the case of the 


Fig. 6-2. The Burgers vector. 
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Fig. 6-3. The screw dislocation. 
(After Read.**) 


positive dislocation) atoms will be in compression, and below in tension, and it will 
be several atomic planes before this is relieved. 


6-5. SCREW DISLOCATIONS 


The other basic type of dislocation, the screw dislocation, 1s shown in Fig. 6-3. It 
is rather more difficult to visualize than the edge dislocation. The displacement is in 
the slip plane A BCD, and it can perhaps be regarded as the result of a twisting force. 
The Burgers vector for the edge dislocation was perpendicular to the dislocation and 
was the direction in which the crystal could be imagined as displaced. In the case of 
the screw, the Burgers vector is also in this direction of displacement, but in this case | 
it is parallel to the dislocation AD. This important distinction characterizes the two 
types. As far as the dislocation is concerned, whereas the edge dislocation is the end 
of a half-plane of atoms, the screw dislocation has no such simple definition; it is 
merely a line of maximum distortion or strain. — 

Figure 6-4 shows the atomic pattern associated with screw dislocations. This 
two-dimensional representation can only show the atom layers immediately above 
and below the slip plane, but if one can visualize this displacement being relieved, 
above and below, over several planes, then the general effect will be a spiral centered 
around the dislocation with a pitch equal to fhe Burgers vector. Like the edge dis-. 
location, it can exist as elther a positive or a negative dislocation, according to 
whether the original mismatch was above or below the slip plane. The directions of 
the Burgers vectors are opposite in sign, and this results in a right-handed (positive) 
or left-handed (negative) strain pattern. | | 


6-6. MOTION OF DISLOCATIONS 


As we have already said, the interaction of a positive with a negative edge disloca- 
tion results in the elimination of both, and this is equally true of screw dislocations. 


_ Characterization of Single Crystals for Physical Imperfections 155 


| b | 
nn 


® Above slip plane © Below slip plane 


Fig. 6-4. Plane view of screw dislocation. (After Cottrell.14) 


This implies that dislocations are not fixed but can move through the lattice, and in 
fact this is true. Under strain, edge dislocations can move along their slip planes, 
positive in one direction, negative in the other. They are restricted to the slip plane 
because of their association with the half-plane of atoms. Screw dislocations do not 
have this restriction and can move in any plane that contains them. Like the edge 
dislocation, under the same shear, the positive and negative dislocations move in 
opposite directions. | : 

Usually the conditions in real crystals are more complex. For one thing, disloca- 
tions are seldom of one basic type; they contain elements of both. In addition, they 
seldom meet on the same glide planes, so that the Burgers vectors become com- 
ponents of other dislocations on other glide planes. The study of the movements of 
dislocations is an important aspect of metallurgy and is dealt with in many standard 
works, 10:18-16 

For characterization of semiconductor material, the movement of dislocations is 
not in itself of much interest. The samples will normally be received in a static con- 
dition with the dislocations frozen in. However, care must be taken, particularly 
with thin samples, to avoid placing a strain on the crystal which might either 
generate new dislocations or cause them to move to other areas of the sample. 
Thermal treatments also should be avoided since these may lead to the relief of 
strain and hence to the movement or even elimination of dislocations. 


6-7. OTHER LATTICE FAULTS 


A common fault encountered in both germanium and silicon is the phenomenon of 
twinning. This occurs usually during growth. The lattice is redirected to a different. 
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Fig. 6-5. The stacking fault. (After Cottrell.1*) 


orientation such that the two parts of the crystal are mirror images across a boundary 
referred to as the twinning plane. In the diamond lattice, the twinning plane is the 
(111) and the order of the planes reverses at this boundary. A volume of the crystal — 
bounded in parallel twinning planes and only a few lattice planes across is termed a 
twin lamella. . 

A stacking fault, illustrated in Fig. 6-5, is a region in the siete which is bounded 
by two Dare dislocations. The edge and screw dislocations described above are — 
so-called ‘‘pure dislocations”; their Burgers vectors are lattice vectors. The dis-. 
placement is equivalent to a lattice constant. However, it can be shown by using 
solid models that when atoms are moved from one site to the next, they cannot 
follow a straight path. They must move around other atoms in a zigzag path. It is 
possible for a position to be taken such that only half this path is traversed, i.e., the 
Burgers vector is only half a lattice spacing. Such a defect is called a panitad dis- 
location and gives rise to strain on only one side, which is subsequently relieved by 
another partial dislocation. The area in between represents a part of the crystal 
which is out of alignment with the rest; it is not correctly stacked and is referred to 
as a stacking fault. This particular defect is of importance in epitaxial films (see | 
Sec. 8-30). - | 


6-8. | CRYSTAL ORIENTATION 


In Chap. 4, the methods of growing crystals from the melt were described, and it 
was pointed out that a seed was used to start the growth. The conditions of growth, 
the temperature, the pulling speed, and so on all have an effect on the distribution of. 
dopants and impurities, and this was described fully in that chapter. They are also 
important in producing material of minimum dislocation density ; this. is defined as 
the number of dislocations cutting one square centimeter of the crystal. 

When a crystal is grown from the melt, there is considerable evidence! to suggest 
that this occurs as a series of steps. Figure 6-6 illustrates the principle. The crystal 
grows along a low-index plane, such as the (111), but by laying down a series of 
strata erowing in steps along high-index planes The atoms find it easier : to attach 


a Oa ioe tte 


Characterization of Single Crystals for Physical Imperfections 157 


Liquid 


Crystal grows on 
low index plane 


iets lay down Interface 
on high index planes 


Solid 


Fig. 6-6. Crystal growth from the melt. (Adapted from Tiller.17) 


to high-index planes since there are more bonds available. The low-index plane can 
be considered more perfect, and lattice sites are more difficult to find than in the 
broken terrain of the stepped structure. This says, in effect, that nucleation is more 
difficult on low-index than on high-index planes. However, this very ease of nucle- 
ation, or attachment, may give rise to mismatching which, in fast-growing directions, 
may be propagated. If growth is in the direction of the low-index plane, a misaligned 
atom may revert to the liquidus and redeposit correctly. If the growth is in the 
direction of the high-index planes, this may be prevented by rapid overgrowth. 
~The direction of growth is thus extremely important in producing material of low __ 

lislocation. density, and the seed must be correctly oriented to induce this growth. 
Moreover, similar considerations apply to substrates for epitaxial growth. The 
determination of orientation therefore is a common requirement in the characteriza- _ 
tion of semiconductor material. ) 


6-9. ORIENTATION BY X-RAYS} — 


The back-reflection Laue method is more. generally applicable to this problem and 
will be described in some detail since this equipment is usually available in most 
laboratories. The crystal is mounted on a reference plane, usually a ceramic plate to 
which it is cemented, and a monochromatic x-ray beam reflected from some con- 
veniently oriented flat surface. Generally, an experienced operator can judge a 
likely plane and orient fairly closely to the desired projection. The pattern resulting 


tAdapted from Kane."! 


Fig. 6-7. Lave pattern for (100) silicon crystal. 
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Fig. 6-8. The stereographic prolection: (From Barrett 
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from a single crystal is a series of spots, and Fig. 6-7 shows such a pattern for silicon. 
The next step in an orientation requires its interpretation, and this implies identifica-_ 
tion and location of the Laue spot corresponding to the direction in which the crystal 
must be oriented. The method used involves the application of stereograms.. 

Figure 6-8 illustrates the method of obtaining a stereographic projection. The 

crystal is imagined at the center of a sphere, and the direction of a plane can be 
represented by P, the latitude and longitude at which this direction cuts the sphere. 
The sphere is then projected onto a plane normal to one diameter of the sphere from 
an imaginary light source at the other end of the same diameter to give the projected 
point P’. If the diameter is that joining the north and south poles, then the projec- 
tion is the polar projection. More commonly used is the diameter joining the inter-. 
sections of the equator with the zero and 180° meridians, and this is termed the 
Wulff net, shown in Fig. 6-9. With this as a grid, it is possible to calculate from any 
crystal just where the various directions will appear by using any particular direction 
for a plane of reference. As stated in Sec. 6-1, it is fortunate that the semiconductors 
of interest are all cubic, so that the directions are normal to the planes and stereo- 
grams are really. quite simple to apply. Figure 6-10 is the stereogram of a cubic . 
crystal in the [001] direction, and each spot represents a particular lattice plane.in 
the crystal. The lines: represent zones, that is, families of planes with one common 
axis called the zone axis. In one direction only, they have a common angle so that 
they intersect the sphere ‘on a great circle. 

Returning to the Laue pattern, in Fig. 6-11 we see the geometry ot this proj jection, 
_ which is, in fact, a section through a number of discontinuous cones, each cone the 
reflections from a zone. Since they intersect a plane, they appear as hyperbolas on | 
the film. The problem is to transform this projection of the planes to the stereo- 


Characterization of Single Crystals for Physicai Imperfections 159 


Z 
Ly ty 

My My 
My, “iy if! 


, 
My 
Y 
Ly 


a8 
vers 


OO 3 
Cs 
eho 


.) 
) 
eee 


e C) 
SSN ee r\ 
2 ) 


HALT AT PA) 
YJ HHP TATA, 
TELIA, 
Maite Ae ule 


Fig. 6-10. Stereographic projection of cubic crystal on (001). (From Wood.*) 
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Fig. 6-11. Geometry of the Laue pro - 
jection. (After Barrett. and Massalski** ) 


Fig. 6-12. The Greninger net. 
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graphic projection, and this is done by a graphical method. Figure 6-12 shows a 
Greninger net, which is a series of hyperbolas corresponding to various angular 
relationships at a set specimen-to-film distance, usually 3 cm. The Laue film is 
marked with a fiducial line corresponding to some direction of the crystal or, more 
commonly, the crystal mount and placed face down on the net. The center of the - 
- film corresponds to the center of the net, and it is rotated about this center until one 
row of spots is approximately parallel to one of the meridians of the net, as shown in 
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Fig. 6-13. . Method of transforming Lave patterns. (Adapted from Barrett and Massalski.1*) 


Fig. 6-13a. The angle of inclination ¢ of the zone axis to the film is given directly 
since the meridian lines are at 2° intervals. The azimuthal angle a is read from the 
lower scale; this is the angle between the fiducial mark and the 90° line. The zone is 
then transferred to the Wulff net by setting the same azimuthal angle to the equator 
and drawing the zone of the meridian corresponding to the angle of inclination, as 
shown in Fig. 6-13b. It should be emphasized that the zone is drawn on a trans- 
parency over the Wulff net and not on the net itself. The next zone is plotted in the 
same way, rotating the Wulff net under the transparency. The final result is a 
~ series of zones drawn with respect to the fiducial line. Enough are drawn to identify 
the projection, and the intersections of these zones will-bé the directions of planes 
common to these zones. The principal zones in face-centered-cubic materials are 
[100], [110], and [111], and the most important spots are their intersections, namely, 
_ the [100], [110], and [112] directions. In practice, the stereogram is placed under the. 
projection which has been drawn and the desired orientation direction marked on 
the projection. This is placed again over the Wulff net, and the angles necessary to 
correct the direction calculated with respect to the fiducial mark. 

In Texas Instruments laboratories, a simple projection device is used without 
transparent paper. It consists of the Greninger net mounted on one plastic wheel 
which is coupled by a belt to an identical plastic wheel carrying a Wulff net trans-_ 
parency. Both are illuminated from below. A sketch of the apparatus is shown in 
Fig. 6-14. The Laue film is placed face down on the plastic table over the Greninger 
net with the hole above the center and the fiducial mark aligned vertically. The net 
is rotated under the film; and as it rotates, the Wulff net also rotates to the same. 
angle. Since in the conventional method, this is the function of the angular scale of 
the Greninger net, it can be dispensed with and is replaced by another set, of hyper- 
bolas. When one of the hyperbolas of Laue spots is aligned with a grid of the 
Greninger net, it is a simple matter to read the angle and draw the circle projection 
corresponding to it with a grease pencil on the plastic table over the Wulff net. This 
is repeated for a number of principal zones, and ‘transparencies for various projec- 
_tions are placed over this stereogram until identification is made. The angles neces- 
sary to correct for misalignment can be read from the Wulff net. | 
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Fig. 6-14. The stereographic projector. (From Kane.) 
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Fig. 6-15. Conical camera for crystal orientation. (After 
Arqueilo.*) . —_ . 


This procedure sounds complicated, but. with practice it can be carried out quite 
readily. An alternative approach has been applied by Arguello” in which a conical 
camera is used to obtain a close approximation to the stereographic projection with- 
out the use of the two nets. The camera is shown in Fig. 6-15. The film is held in 
the form of a cone at F, and x-rays leaving the collimator C strike the sample held in 
the center of the base. The cone has 45° angles and is 4 cm in radius at the base. 
The geometry is shown in Fig. 6-16. The normal stereographic projection of the 
_ direction of the plane shown is Y., and the orthographic projection of the reflection P 
from the same plane is Y,. It can be shown that, if C = 0.832, that is, the distance 
from the sample to the screen is 4.82 cm, then Y, is never more than 2 mm from Y. 
and an essentially correct stereogram can be projected. Unfortunately, the shape of 
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Fig. 6-16. Projection using the conical 7 aN . ~ 
camera. (After Arguello.¥) — | i \ Pr 


this film would make it awkward to process, and the camera itself is not currently 
available commercially. | | 

_ The Laue method is used to give a complete orientation of the crystal. The 
problem above is that in which the orientation is completely unknown, but, in 
general, this is not the case.. The orientation of the crystal is known approximately, 
but the crystal must be accurately aligned for cutting. The Laue method, since it 
uses charts marked at intervals, is accurate only to about these 2° intervals, and 
where the orientation is known approximately, the more accurate x-ray goniometer 
is used. The precision of this procedure is about +15 minutes. The method is given 
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Fig. 6-17. | X-ray gonionelen 
(After Wood.'8) 


Barrel axis / 


| | Crystal scale | we 


a 


164. Characterization of Semiconductor Materials 


in some detail by Wood! enti is outlined in ASTM Method F26-66.” It is based on 


the diffraction from one plane only, for example, the (111) in silicon. Figure 6-17. 
shows one typical arrangement. of the apparatus used. The barrel holder rests on a 
V block with a stop at the back. The actual holder for the crystal can be adjusted 
independently of the barrel in two directions, normal to the x and y axes. The stop 
can be adjusted so that the surface of the crystal is at the mechanical axis of the 


goniometer. The detector scale is set for the 26 angle for the particular plane of the 


material, as chosen from Table 6-1; e.g., for the (111) plane in silicon it is 


Table 6-1. Bragg Angles 6 for the X-ray Diffraction ‘of CuK. Radiation in Samiconduchve 
Crystals tf 


Wavelength r = e 54178 A: 


= 4 | Silicon | Germanium Gallium arsenide 
Reflecting a = 5.43073 A a = 5.6575 A a = 5.6534 A 
planesh,k,! =| =~ (-4.0.00002 A) (+0.0001 A) (+0.0002 A) 
lll | 14°14’. 13°39’ 3 13°40’. 
220 | 23°40’ 22°40! 22°41! 
311: 28°05’ 26°52’ 26°53’ 
400 34°36’ 33°02’ | 33°03’ 
331 | 38°13’ | 36°26’ 36°28" 
422 44°04’ 41°52’ 41°55’ 


+From ASTM, Method F26-66.” 


2X 14°14’ = 28°28’. The V block is then rotated until the signal on the detector is 
a maximum. The crystal scale will now read @ + 6, where 6 is the variation of the x 
axis from the true. The barrel holder is rotated on its own axis 180° and the reading 
repeated to obtain 6 — 6. The difference thus represents twice the angle that the x 
axis of the (111) plane is from being correct. Two similar readings are made for the 
y axis. For this particular type of holder, the two adjustments can be made in the 


— directions normal to the x and y axes to make the (111) plane exactly normal to the 


barrel axis. With most other holders, the cutting machine is used to adjust the 
crystal to the correct orientation once the angular displacements are known. 


6-10. OPTICAL ORIENTATION t 


An optical method, also accurate to about 15 minutes, is often used in orienting 


-erystals for cutting since it is extremely simple and cheap. The method has been 


described by Schwuttke! and is included in ASTM Method F26-66.% One appara- 
tus, shown diagrammatically in Fig. 6-18, consists merely of a beam of light which is 


reflected from the surface of the crystal onto a screen. The center of the beam, Z, is 


located by replacing the crystal with a plane mirror. The crystal surface must be 
preferentially etched first. More will be said about etching later, but suffice it to say 
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Fig. 6-18. Optical orienter. (After 
Schwuttke.*+) 
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at this stage that some chemical etchants will etch faster along some crystallographic 
axes than others. An imperfection in the surface will act as a site for this type of 
action, and the result is a surface containing a number of etch pits. The inside faces 


Light source 


of these pits are actually: facets parallel to some important crystal planes. They act 


as tiny mirrors and reflect the light to form characteristic patterns. Those for the 
(111), (100), and (110) planes in germanium and silicon are sketched in Fig. 6-19 
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Fig. 6-19. Optical reflectograms from germanium and 
silicon. (From ASTM Method F26-66.”) 
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Fig. 6-20. Germanium crystal correctly oriented 
(a) on the (111) -and (b) on the any plane. 
(From Schwuttke.*") 


Fig. 6-21. Germanium crystal misaligned | by 
a and 6 (a) from. the (111) and (6) from the (100) 
plane. (From Schwuttke.*') 


Fig. 6-22. Micromech crystal orienter. (Micromech Mfg. Co.) 


and represent perfect alignment. In Fig. 6-20 are actual reflectograms from perfectly 
oriented crystals of germanium on the (111) and (100) planes. Figure 6-21 shows 
the same planes misaligned by a and 6 on the two axes of reference. The alignment 
can be corrected or the crystal cutter set for these two angles as in the x-ray method. 

Figure 6-22 shows a commercial version of the instrument manufactured by the 
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Fig. 6-23. Light figures from (a) Ga surface and (b) As surface of GaAs. 1, Ground; 2, ground and 
slightly etched; 3, etched. (After Akasaki and Kobayasi.**) 


Micromech Manufacturing Co. This is a slightly different optical system in which 
the light beam enters through a hole in the screen to give an angle of incidence of 0° 
The sample is rotated through 180° about an axis normal to the crystal surface, as in 
the x-ray method, to check the readings. 

The ASTM method recommends lapping the surface of the crystal with No. 600 
silicon carbide and etching with the solution shown in Table 6-2. It restricts the 
procedure to silicon and germanium. However, it has been applied to gallium 
arsenide, at least for (111) wafers, by Cronin” and by Akasaki and Kobayasi.2 The 
light figures for three types of surface preparation are shown in Fig. 6-23, and the 
etches used by Akasaki and Kobayasi are given in Table 6-3. It will be noticed that 
the polarity of the crystal can make a difference in the case of compound semi- 
conductors. Cronin first used these light figures to differentiate the A and B faces 


Table 6-2. Etching Procedure for Optical Orientation{ 


Material Etchant composition f Etching time, min | Etch temperature, °C 


Germanium..... 1 part (vol) hydrofluoric 1 - 2 25 
acid (49%) | . 
1 part (vol) hydrogen per- 
oxide (30%) 
4 parts (vol) water 
SWICON YG s's sa sacs 50% sodium hydroxide (by 
weight) solution 
or 
50% potassium hydroxide * 
(by weight) solution 


[wey | 
[anp) - 
a 


{From ASTM Method F26-66”. | 
TIn both cases, (111)-, (100)-, and (110)- -type surface planes may be prepared with these etch- 
ants. 
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| Table 6-3. - Etching Conditions for Production of Light Figures from GaAs Surfaces 


Etchant a 
= ——— Etching time Surface 
| Notation . - Compositiont | Volume ratio | 7 | | 
A-1 HNO;3:H2O 1:1 7 min Ga 
A-2 HNO;:H.O 7 2:1 10 sec | Ga 
B-1 HF:H,02:H20 — 2:1:8 50 min As 


B-2, _ HF:HNO;:H,0$§ B12 7 min As 


{From Akasaki and Kobayasi.” 
tConcentration (wt %): HNO;, ~60; HF, 46; H2O., 30. H.O: deionized water. 
§Several drops of 1% AgNO;.are added in mother solution of about 30-ml. 


of a gallium arsenide wafer. Figure 6-24 shows the reflection patterns corresponding 
to la and 1b in Fig. 6-23. The patterns in this case were produced by sandblasting 
or lapping with No. 240 silicon carbide. The wafers were grown from the B end of a 
seed, and it is characteristic of this type of crystal that the result is a triangular 
cross section, bounded by (111) faces. The reflectogram from the A (Ga) surface 
shows peaks perpendicular to the faces; that from the B oa face shows the: eee . 
parallel to the faces. 


6-11. DETERMINATION OF DISLOCATION DENSITY 


A dislocation, as we have seen in Secs. 6-3 to 6-7, is a discontinuity in the crystal 
lattice and, as such, is on an atomic scale. By using the electron microscope, disloca- 
_ tions can be observed directly,™ and this has proved to be a powerful research tool. 
As will be seen later (Sec. 6-16), x-rays and similarly electrons are attenuated less by 
dislocations than by perfect areas of the crystal, and an image is produced. By 
applying various stresses, the movement of dislocations can be studied. 

For assessing the quality of a bulk material, electron microscopy is of very little 
value since the sample is too small to be representative. Not only is the field of view 


Fig. 6- 24. Reflectograms from (a) the A (Ga) face and (b) the B ee) face of gallium arsenide. 
_ (From Crone: 22) 
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very small, but the sample must also be thinned down to less than 2000 A to allow 
transmission of the electrons. The total volume of the sample as observed in the 
microscope is something like 10~° ce, and. it is obviously impossible to extrapolate - 
this to even a relatively small crystal. Of more interest in quality control are 
methods which can give an average value. Of these, etch-pit counts and x-ray 
topography are propa the most widely used. 


6-12. ETCH PITS 


In Sec. 6-8, crystal growth was described as being by a process of stratified deposi- 
tion, and a scheme was shown in Fig. 6-6. The atoms.attached more easily to high- 
index planes since there are more bonds available. As a corollary, there will- be. 
fewer bonds holding atoms in these planes to the lattice, so that on dissolution a 
similar procedure results. (This implies that a low-index plane breaks up more — 
slowly than a higher-index plane. Now-a. dislocation, as we saw in. Sec. 6-3, is-an 
_area in the crystal in which there.are many dangling -bonds(3)In a low-index plane, it 
represents a point: of weakness, a point at-which the atoms are more loosely bound. 
Consequently, this point is also more easily attacked by solutions.. These two 
effects lead to attack by. a suitable etchant at points in a surface at: which dislocations 
emerge. Figure 6-25 shows how an etch pit forms, initiating at a dislocation and — 
dissolving in a terraced formation as the atoms are removed preferentially from the 
less closely packed lattice planes. V., Vu, and V, are the solution velocities in differ- 
ent directions, where V, > Va> V.. Microscopically, the etch pit will show a fine 
step structure; macroscopically, the face will be.a principal lattice plane. | 

In using fie etch-pit method, the crystal must be oriented to a low-index plane, 
(111), (100); or (110). When it has been cut to this plane, any ‘mechanical damage 
must be removed since not only dislocations but any fault.in the surface can initiate — 
apit. In fact, such damage is introduced by sandblasting or grinding to induce many 
etch pits when an optical orienter is. being used (Sec. 6-10). The sawn and lapped — 


see r 


Fig. 6-25. : Etch-pit formation. (After Rhodes.*) 
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_ Fig. 6-26, | Effect of misorientation on etch-pit shape. (After Rhodes.?°) 
| 7 

surface is chemically etched with a_nonpreterential-etch first to remove mechanical 
damage. This will usually extend to about the diameter of the grit, as was shown, 
for example, by Jones and Hilton” for gallium arsenide. The surface is then treated 
with a preferential etch to form etch pits similar to those shown in Fig. 6-80a. These 
preferential etches are commonly acids containing an oxidant; several are given by 
Rhodes” for silicon and germanium. 

The importance of correct orientation can be seen from Fig. 6-26. The pit faces 
remain angled to the correct planes, hence their use in optically orienting crystals, 
and it follows that misorientation of the surface leads to distorted etch pits. With 
reference to Fig. 6-25, it was pointed out that, in etch-pit formation, Va > V.isa 
necessary condition. If Vz = V., no pit willform. If the dislocation is angled to the 
surface, then it is not Va which is the controlling velocity but its component along 
the normal. If the angle is too obtuse, then no etch pit can form. This angle can 
become.too obtuse either because the dislocation itself is at too shallow an angle to 
the surface or because the surface is too misoriented. This misorientation may be as 
little as 10°. _ 

_A tentative method for silicon has been adopted by ASTM Specification I°47- 
64T.% The ingot for examination is oriented within. 3° to the (111) plane, and a slice 
cut for examination. It is lapped with No. 600 alumina or silicon carbide and 
chemically polished with a mixture of hydrofluoric, nitric, and acetic acids. After 
rinsing, it is treated with copper etch, a hydrofluoric-nitric acid mixture containing 
copper nitrate and a little bromine. After rinsing and dissolving off any copper, the 
number of pits are counted under a low-power microscope to determine the dis- 
location density. | | 
Preferential etches are usually quite specific not only for the material but also for a 
particular orientation. For germanium, CP-4 etch has been used quite extensively 
since its. introduction by Vogel et al.” This also is a bromine etch, consisting of a 
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Fig. 6-27. Etch pits using CP-4 etch on . 
(111) germanium (240). 


Fig. 6-28. Etch pits using WAg etch on 
(111) germanium (200 xX). | 


mixture of nitric, hydrofluoric, and acetic acids with a little bromine added. It-has 
been applied to both (111) and (100) surfaces. The pits are conical in shape, as 
shown in Fig. 6-27. Triangular etch pits are produced by WAg (Westinghouse 
silver) etch,” a nitric-hydrofluoric acid mixture containing silver nitrate, or by a 
ferricyanide etch,” consisting of an aqueous solution of potassium ferricyanide and 
potassium hydroxide. Etch pits obtained by WAg etch are shown in Fig. 6-28. 
For III-V compounds, there is an additional factor which can influence the etching 
characteristics, namely, the polarity. White and Roth” used a dilute aqua regia, 
and Richards® a hydrofluoric acid etch containing hydrogen peroxide to etch 
gallium arsenide preferentially, but both produce pits only on the A (Ga) face, that 
is, the (111) surface and not the (III).t By using a silver etch, Richards and 
Crocker®! were able to produce pits on both the A and B faces of (111) gallium 
arsenide wafers. A generally applicable etch containing silver nitrate and chromic 
oxide in dilute hydrofluoric acid was applied by Abrahams and Buiocchi® to the 
faces of gallium arsenide on the (111), (110), and (100) planes. 

CP-4 etch has been used by Bardsley and Bell® on indium antimonide, and a 
bromine-methanol etch by Fuller and Allison* on gallium arsenide; this last is more 
valuable for indium arsenide. Etch pits on these IJI-V materials are typically 
conical in shape. Figure 6-29 shows pits similar to those obtained by Richards and 
Crocker®! on the A and B faces of (111). gallium arsenide. | 7 


+This is an arbitrary convention; many European workers use the reverse Miller indices. 
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Fig. 6-29. Etch pits on (111) GaAs. (a) The 
A (Ga) face; (b) the B (As) face (220). 


6-13. ADDITIONAL INFORMATION BY ETCHING TECHNIQUES - 


- The preferential etch will, of course, reveal the number of dislocations cutting the 
surface, and a dislocation density is the primary objective of this determination. 
However, some additional information can also be obtained, as pointed out in 
ASTM Specification F47-64T™ for silicon. A line of dislocations, very close-packed, 
is indicative of a lineage structure, as shown in Fig. 6-30. This is often met with in 
crystals which have been melt-grown, as are most semiconductor crystals, and is due 
to the aggregation of dislocations by movements in their slip planes at tempera- 
tures approaching the melting point. 

The presence of several parallel lines of dislocations, as seen in Fig. 6-30c, is 
evidence of slip. In Secs. 6-4 and 6-5, the dislocation was described as due to a dis- 
placement of the lattice in the direction of the Burgers vector, and such a displace- 

‘ment is due to a stress which is relieved by this movement. Such a deformation is 
termed plastic: deformation, as opposed to elastic deformation, which distorts the 
lattice without rupturing it. Additional stress leads to many such displacements, all 
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Fig. 6-30. Etch patterns on silicon. (From ASTM Method F47-64T.”) (a) Pits from dislocations 
(200 X); (b) lineage (200 X); (¢) slip—micro scale (200 X); (@) slip—macro scale (3X). 


> 
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Fig. 6-30. (continued) Etch patterns on silicon. (From ASTM Method F47-64T.™) (e) Twin bound- 
ary (200X); (f) twin lamella (200X); (9) grain boundaries (200X); (h) polycrystallinity — macro 
scale (3.2X). | . 
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in the same slip plane, 1.e., a whole series of dislocations in one direction. Such a 
phenomenon is termed sip. On a macroscopic scale, the appearance is as shown in - 
Fig. 6-30d. The surface, after a preferential etch, shows a series of lines with an 
overall triangular or Star of David effect. 

Since the preferential etch is sensitive to different orientations, the presence of a 
twin is revealed quite readily. In the diamond structure, the twinning plane is 
always (111), and where it cuts the surface the etch forms a Maan line. The effect 
is shown in Fig. 6-30e. Twin lamellae are smaller areas of twinning, bounded on 
each side by twinning planes, as seen in Fig. 6-30f. 

Grain boundaries are also etched preferentially, and a typical polycrystalline 
_ material is shown in Fig. 6-30g. Polycrystallinity can also be seen by using a non- 
preferential etch, i.e., by chemical polishing. After etching in potassium hydroxite, 
areas of polycrystallinity show up quite readily under reflected light. Figure 6-30h 
shows such an area in a silicon ingot. 

A review of these various etching techniques has been given by. Holmes,* and a 
summary of the more important ones is given in Table 6-4. 


6-14. DECORATION 


This is another chemical method which relies for its effect on the fact that pre- 
cipitation tends to occur at dislocation sites. The method was used by Dash* to 
show the correspondence between dislocations and etch pits in silicon. After etching 
the sample, a drop of copper nitrate solution was placed on the specimen and the | 
crystal heated for 1 hr in hydrogen at 900°C. Copper diffuses rapidly and is evenly 
distributed after this time. After cooling, the samples were examined under an in- 
frared microscope. In Sec. 5-10, it was pointed out that the absorption edge for © 
silicon is 1.1 » and for gallium arsenide it is 0.92 u; at wavelengths longer than this, 
it is essentially transparent. Copper, however, is not, and under this microscope the 
dislocations show up as lines. The images can also be recorded on infrared sensitive 
emulsions. 

For germanium, the absorption edge is further into the infrared at 1.8 u, and the 
usual detector cannot be used. However, vidicon tubes are sensitive in this region, 
and Schwuttke® has described a method using this in conjunction with a closed- 
circuit TV presentation: 

This technique is of somewhat limited value since it is a destructive technique. 
The crystal cannot subsequently be used for device work. Moreover, the heating 
cycle may alter the dislocation pattern by thermally induced motion; and, finally, 
this method does not reveal screw dislocations. 


6-15. X-RAY DIFFRACTION METHODS 


The most useful nondestructive techniques for dislocation density are based on 
x-ray measurements. One method for dislocation densities in the higher ranges is 
line broadening. The technique uses a. double-crystal spectrometer, shown in Fig. 
6-31. Crystal A acts as a monochromator; and as crystal B, the sample, rotates 
through its Bragg angle, it generates a curve of intensity against angle of rotation, 
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_ Table 6-4, ° Etchants for the More Important Semiconductorst 


(Figures. are in milliliters of concentrated oe unless otherwise stated) 


- Principal uses, 


Name of etchant | - - Recipe | —_-|_~‘Etching time | 
and comments 


Refs 


wt 


A. Germanium 


| 


Iodine etch A- _5 HF \Polishing and etching 36 
: 10 HNO; , (100) and (110) surfaces. . 
11 acetic acid with 30 Better than CP-4 for 
mg I, dissolved otehing (100) 
CP-4 15 HF 14 min for Polishing, etching’ (111) 37 
25 HNO; etching. 2 min |: and (100), revealing 26 
15 acetic acid with 0.3 | or more for sharp p-n junctions, t | 
Br, dissolved polishing _ and grain and twin 
| | | boundaries _ 
CP-4A 3 HF 2 to 3 min. |Chemical polish. Much 
CP-6 5 HNO; | slower than CP-4 at room 
CP-8 3 acetic acid temperature, so can be 
| | used warm (70°C). Ab- 
| sence of bromine means 
| better prospects of a _ 
chemically clean surface 
Dash germanium |2 HF 20 sec to 1 min Etching out of aisloraes 38 
etch 4 HNO; . : tions after decoration by 
15 acetic acid. lithium 
| White etch | 1 HF 1 to 2 min warm |Chemical cious. and 
3 HNO; revealing p-n junctions! 
WAg (silver 2 HF 1 min Etching of (111) planes, 27 
nitrate etch) |1 HNO; | revealing grain bound- | 
4 12 5% AgNO; solution aries. Liable to deposit 
| | silver, which must be 
removed chemically, pref- 
erably by a cyanide 
wash.. Also gives dull 
background pitting — 
No. 1 1 HNO; lto2min — |Etching of (111) planes. | 39 
2 HF Also used in certain 
110% Cu(NOs) solu- - etches for silicon 
tion an fe 
4S dspied from. Holmes. 35 


tSee Sec. 9-9. 
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Table 6-4. Etchants for the More Important Semiconductors} (continued) 


Figures are in milliliters of concentrated rengents unless otherwise stated. 


Principal uses, 


and comments Refs. 


Name of etchant Recipe i: Etching time > 


Hydrogen per- 30% H202 Hot, or 1 hr cold |Gives a clean matte surface,| 40 
oxide revealing grain bound- 

aries and lineage. p-n 
junctions shown quite — 
sharply.t Good for pre- 
paring surfaces for elec- 
trical probing (the slight 
roughening prevents a 
probe from slipping) 


ttre a A I TT nae ne A A eR EN NE rr 


No. 2 (Superoxol) {1 30%H.02 1 to 3 min Etching of (100) and Al 
1 HF - (111) planes. Slow to 42 
4 H.0 , attack polished surfaces, 
but otherwise a good 
etch for (100). Etch rate 
has been studied 


Renn cn ene ne ee EER EEIREEEemmmemmmmnnssnamentn (uneatnemetemmnensiemenemeny 


Dilute No. 2 1 No. 2 etch 2 to 16 hr, Produces etch pits, with 43 

50 H.O | fine structure, on (111), 
(100), and (110), and is 
one of the best etches for 
(110). Intermediate dilu- 
tions between this and 
No. 2 are also useful for 
orientations 


ne ermencerneteentmnmneme a re 


Alkaline peroxide |8 g NaOH 70°C | Controlled removal of 
| 100 3% HO. 7 material (etch rate falls 
| ~ off with age to an 
approximately constant 
value when the etch is 
old: 0.2 mil/min new, 
0.05 mil/min at 1 hr) 


Sodium hypo- {1 10% NaClO 40 min (40°C), |Etching on (100) and 44 
chlorite 10 H.O or as required (111), and for thinning 
(i.e., 0.1 M) for thinning slices for electron micros- 
| copy. Interesting as a 
single-component etchant 


_ Ferricyanide: 6 g KOH | {1 min boiling =‘ {Etching of (111) planes, | 28 
_ | 4 g K3Fe(CN)6. | showing up lineage struc- 
00 HO | _ | ture and grain bound- 
i aries. This is a very good 
etch for producing clear 
| | triangular pits on (111 
tAdapted from Holmes.* 
4See Sec. 9-9. | 
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Table 6-4. Etchants for the More Important Semiconductors} (continued) 


Figures are in milliters of concentrated reagents unless otherwise. stated. 


Principal uses, 


~ Name of en Recipe | Etching ome EESTI ETS Refs. 
B. Silicon 
| ] 
White etch _ 3 HNOs | 15 sec Chemical polish 
Dash etch WHR | 1tol6hr — - {Etching of all planes. 45 
3 HNO; tes | Deep pits, following the 
8-12 acetic acid © dislocation lines into the 
? crystal. Smaller propor- © 
_ tions of acetic acid give a 
faster etch, which is 
often useful 
CP-4A > | HF | | |2 to 3 min Slow chemical polishing 46 
“4 5 HNO; ~ | revealing twins, twin | 
3 acetic acid lamellae, p-n junctions, 
7 etc., and sometimes dis- 
locations 
10 HF | 0.5 to 3 min Chemical polish | 20 
5 HNO; | | | 7 | 
14 acetic acid 
SD1 25 HF 2 to 4 min Reveals edge and mixed 47 
18 HNO; . aa _| dislocations on all planes. 
5 acetic acid containing | A good etch for rapid 
0.1 Br. : | estimates of pit density, 
10 H.O : but the copper deposition |. 
1 g Cu(NOs3)2 is undesirable if the 
(ie. 50f No1l+3 |. | material is to be used 
of CP-4) | | again 
6 HF 4 hr Dislocation etch tor (111) | 20 
3 HNO; 
100 HO with 5.5 mg Bre 
0.3 g Cu(NOs)s 
| Hot NaOH /KOH 1-30% solution 1 to 5 min Rapid revealing of aie 48 
| 50 to 100°C. tural details: especially =| 49 


large pits associated with | 
twin lamellae on (111) 
surfaces. Simple to _ 
apply,. but deposits 
traces of iron on surface, 
which must be removed 
‘chemically by washing in 
hydrochloric acid. 


tAdapted from Holmes.® 
tSee Sec. 9-9. 
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Table 6-4. Etchants for the More Important Semiconductorst (continued) 


Figures are in milliliters of concentrated reagents unless otherwise stated. 


Name of etchant Redipe Etching time Principal uses, Refs. 
: and comments 
4% NaOH As required, Used for thinningdown | 50 
|Add 40% NaOCl until | about 80°C slices for electron micros- 
no hydrogen evolution | copy. The specimen 
on Si should float on the sur- 
face of the etch. (Too 
much NaOCl, or cover- 
‘ing the dish, causes 
specimen. to sink) 
C. Indium antimonide (see also under G, below) 
1 HF 2 to 5 sec Polish-etch for (111) and 51 
1 HNO; | (polishing) (110). No etching on 
. (111) or (100) 
5 HF 20 sec Etching (100) and (110) 52 
5 HNO; 
2 H.O 
CP-4A 3 HF | 5 to 30 sec |Chemical polish. May be | 33 
5 HNO; : further diluted with . 53 
3 acetic acid water and HNO. Ordi- 54. 
nary CP-4 has also been 
used for etching (111) 
111 etch 1 CP-4A 1 min Etching (111) and planes 53 
1 H.O from there out to (112) 
1 acetic acid 
No. 2 etch . LHe 5 to 10 sec Etching (111) | 55 
1 30% H.0, 
4 H20 
D. Gallium antimonide 
1HF 1 min Ktching (111) 55 
1 H.O 


tAdapted from Holmes.*® 
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Table 6-4. Etchants for the More haporant Semiconductors (onieieay 


Figures are in milliliters of concentrated reagents unless otherwise stated. 


- Principal uses, 


Name of etchant Etching time | 


OES and comments ae 

1 HF | 1to5 min Chemical polish - 56 
11 30% H,0, Etching (111) and (100), 55 
1HC)l | with asymmetry of pits 

2 H.O corresponding to different | 

: rates of attack on (111) | | 
-and (111) 3 ; 
E. Gallium arsenide (see also under G, below) 

55% NaOH solution [5 min Removing material at a 57 

1 30% H202 —— rate of 10 to 15 w/min- 

2 HCl | 10 min Etching (111) 29 

1 H aNO: 58 

1 HF ‘Etching (111) and (111). 31 

5 HNO; - | [The Ag inhibits attack 

8 to 12 1% AgNO; solu- . on the normally fast- 

tion | etching (111)] 

1 HF Chemical polish 31 

2 H,O | 

1 HF 7 10 min Produces etch pits on 30 
41 30% H.02 | (11) 

| 5 H,0 . | 
LHF © 10 min, 65°C Produces etch pits on 32 


pA H,O with 33% Cr.Q03, 
0.3% AgNO; 


'|CH,OH with 5-20% Br. 


(111), (111), (110), (100). 
Also reveals dislocation 
lines 


Ne ne ee ae Ec arcane ie (eet ae ee  tnnEEEnemmmageeeseced Amamenmeunmanmamanaineniaed 


Polishing | 34 


F.- Indium arsenide (see also under G, below) 


Etching (111) | 59 


15 HF © | — 15 sec 
75 HNO; 
15 acetic acid 
|0.06 Br. 
G. Indium phosphide 
0.4 M solution of ferric {1 to 5 min, 25°C |Etching (111). This solu- | 60 


jon in 6 N HCl 


tion also etches InSb, 
InAs, and GaAs, at vari- 
ous temperatures (see 
references) 


tAdapted from Holmes.* 
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Fig. 6-31. Double-crystal spectrometer. (After Compton and Allison.®2) 


1,000 


x-ray intensity 
& ro2) 
o 
oO ‘e) 


e) 
oS |. 


Oo. ‘100 200 300 400 500 600 700 ~=—- 800 900 
. : Bragg angle, sec 


-Fig. 6-32. Rocking curve for the (1 11) diffraction peak of germanium. (After Kuriz;* by permis- 
sion from MIT Lincoln Laboratory.) 


-as shown in Fig. 6-32. It can be shown® that, for an ideal crystal, the width of the 
peak at half the height is given by the expression 


Ne?Nf 


= mme? sin (26) 


where \ = wavelencih of incident x-rays 
e = charge on electron 
N = number of atoms per unit volume 
f = atomic scattering factor 
m = mass of electron 
c = velocity of light 
_ 6 = Bragg angle for particular reflecting plane | 
The factor f is a property cf the electrons in the atom and not of the nucleus. Fora 


(111) plane in germanium, Aé@ has been calculated to be 15 seconds of are. This - 


scattering is a fundamental property of the material, and the angle represents @ 
theoretical minimum. If the various parts of the crystal are distorted with respect 
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to one another, then it may be regarded as a collection of small crystals almost, but. 
not quite, fitting together; i.e., a mosaic is formed. This idea of a mosaic has been 
~ used to explain the fact that many crystals exceed the minimum value for the width 
at half-wave height by considerable amounts. The theory is dealt with in detail by 
James, but briefly it can be explained as a spread in the reflected x-rays caused by 
the fact that the reflecting planes in different areas of, the crystal are at slight angles 
to one another. One can assume that, in a single crystal, the mosaic is defined by the 
dislocations and ‘that they are randomly distributed. In this case, the expression 
reduces to. 


Np = me 
where ¢ = angular range | 
b = magnitude of Burgers vector 
Np = dislocation density. 

¢@ is superimposed on Aé, and an exact istenship is difficult since, in addition, 
there is a spread due also to the first crystal. If this is imperfect, this may be an 
even greater source of error. Batterman® found that substitutional impurities — 
could also affect this value, although the levels were considerably higher than 
normally encountered in semiconductors. Despite these drawbacks, the method 
is useful for dislocation densities above about 10°/cm?. 

This same line broadening can be used to determine dislocation densities from 
back-reflection Laue patterns. These were described at length in Sec. 6-9. If 
the crystal is imperfect, the spots in the pattern tend to broaden and, with in-. 
creasing defect structure, tend toward arcs of the hyperbolas. For a transmission 
Laue, the arcs may become complete circles for a polycrystalline material, and 
we obtain the familiar Debye-Scherrer patterns. Bell® applied this technique to 
silicon, germanium, and indium arsenide but without evidence of any spot dis-- 
tortion. He calculated the limit of the method to be 103/ cm?, essentially that of the 
rocking-curve method, as might be expected. 

For lower dislocation densities, the phenomenon of anomalous transmission 
was applied to germanium by Hunter.” In a perfect crystal, and with correctly 
oriented lattice planes, the primary x-ray beam sets up a standing-wave pattern 
which, when it emerges from the crystal, actually has more energy than the normal 
absorption coefficient for the material would forecast. The effect: is termed anom- 
alous transmission. Where the crystal shows nonperiodic character, e.g., at dis- 
location sites, this particular effect is destroyed and the beam attenuates normally. 
Thus dislocations in the crystal lead to a decreased énergy of the total emergent 
beam. The theory is complicated and. depends on the generation of wave fields. 
It is dealt with in more detail by Auleytner® and others. A crystal with 500 dis- 
locations/em? showed a significantly different transmitted energy from that of a 
dislocation-free crystal. 


6-16. X-RAY TOPOGRAPHY 


_ Of the methods described in Sec. 6-15, only the rocking-curve method is of value . 
for evaluating material. It is applied to crystals containing over 10° dislocations/ 
_em?, but below this cannot discriminate further. Moreover, at these lower levels, | 
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Fig. 6-33. The Borrmann method. 
P, photographie plate; C, crystal; 
L, \attice plane; 8B, primary 
beam; 6, diffraction angle; R, 
‘wedge of rays with reduced 
absorption; D, dislocation; ¢, 
angle between L and normal to 
surface. (After Borrmann et al.”) 


B 


which are now very common for semiconductor materials, we are faced with a 
distribution problem. We cannot any longer assume the distribution to be es- 
sentially uniform. At values of 10/cm?_or less — and much commercial material 
is of this level — the location, direction, and characteristics of the dislocation 
become important. Techniques of x-ray microscopy or, as it now more commonly 
termed, x-ray topography have been devised for this purpose and have been suc- 
cinctly reviewed by Amelinckx™ and by Webb.® | 

The phenomenon of anomalous transmission has been applied by Borrmann” 
and is illustrated in Fig. 6-33. The photographic plate is in contact with the back 
face of the crystal, and the primary monochromatic x-ray beam is strongly diver- 
gent. Since there are a large number of incident angles, some of these will satisfy 
the requirement for anomalous transmission. L is such a lattice plane, and the 
interaction of the transmitted and diffracted beams generates the wedge of anom- 
alous transmission R. The thickness is such that the beam is attenuated by normal 
absorption, and only those areas of the plate receiving the anomalously transmitted 
rays are exposed. The result is a pattern of broad bands in a grid effect, generated 
by the correctly oriented lattice planes. However, if a dislocation occurs inside 


Fig. 6-34. Borrmann topography. (From Borr- 
mann et al.7) | 
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this wedge, the effect is destroyed and a nonexposed area occurs. A Borrmann 
topograph is shown in Fig. 6-34. 

Variations of this technique, using a parallel oer of x-rays and setting the 
crystal to.a suitable Bragg angle, have been desemved by Barth and. poremann” 
and by Authier.” 

A somewhat more widely used method was ; devised mney i Berg’ 4 and 
modified by Barrett.75 This Berg-Barrett technique was refined by Newkirk,” 
and this modification is illustrated in. Fig. 6-35. It will be noticed that, unlike the 
‘Borrmann method, only. the diffracted beam is recorded by the photographic 
plate; the primary beam travels on through the crystal and does not-strike the 
plate. Where a dislocation occurs, the diffracted: beam is more intense than that 
from an area of perfect crystal. This is due to the fact that the primary beam is not 
attenuated as strongly in these imperfect regions; normal absorption results from 
the interaction of x-rays with the periodic atom centers. Consequently, when 
| soit occurs it must a be stronger at la point. The image forms a uniform __ 

bow! y_expesed—areas;- This is in 
sonteist to one Beeman method, where 7 dislocations ae up as shadows. 
The Berg-Barrett technique is asually employed in the reflection mode, although 
Newkirk”® pointed out that it could also be used in transmission provided the 
_erystal were thin enough. In either case, the area that can be examined by this 
method is relatively small, dependent on the area of the x-ray beam. Lang” in- 
troduced a method of transmission diffraction by which large-area topographs could 
be obtained, and this is shown in Fig. 6-36. A collimated monochromatic x-ray 
beam strikes a thin specimen set at an appropriate Bragg angle. The diffracted 
beam passes through a slit in a screen to the photographic plate and is recorded; 
the primary beam is stopped. At this point, the method resembles the Berg-Barrett | 
transmission mode, and dislocations will be recorded as before. However, by 
oscillating the crystal and the film together, the whole specimen can be examined 
and a picture bujlt up of a comparatively large area, e.g., a l-in. -diameter slice. 

~ Topographs obtained by the Lang method are shown in Fig. 6-37. The diffracting 
planes are selected on the basis of the Laue geometry applicable to the transmis- | 
slon mode and are dependent on the orientation of the crystal. For example, a 
crystal cut on the (001) plane might, in the absence of any previous experience, be 
examined in this plane first since it is relatively easy to align. The slice, thin enough 
to transmit, is mounted in a goniometer with a detector behind the screen slit. 


"Photographic plate: 


= a ee 
-—_ 


Fig. 6-35. The ee eo: (After Newkirk;7® copyright AIME.) 
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x-ray beam 


> i< 


Fig. 6-36. The Lang technique. (After. 
Lang.) 


Traverse 


—_.. 


After setting approximately correctly to the calculated angle, the specimen is 
adjusted to a maximum signal for fine correction. This first exposure might in- 
dicate that an alternative plane would give additional information. Within the | 
geometrical limits of the Laue arrangement, the plane can be found by reference 
to a stereographic projection, for example, Fig. .6-10.. This would indicate that the 
(012) plane, for example, would be about 18° from the crystal surface, and the 
specimen would be aligned accordingly. 

The geometrical limits can be considerably extended by adapting the Lang 
method to the reflection mode. Howard.and Dobrott® modified. the Berg-Barrett 
method with a scanning technique to obtain large-area topographs of the surface. 
Their method is described in more detail in Sec. 7-12, and their apparatus shown 
in Fig. 7-10. Since the geometry here is the Bragg reflection geometry, this allows 
a much larger selection of diffracting planes to be used in any one thin slice. It 
is also applicable to thicker slices which are to be used as epitaxial substrates (see 
Sec. 7-12) and to epitaxial layers (see Sec. 8-37). The selection of reflecting planes 
is made in the same way as for the Lang method, and this procedure is identical — 
to that described in more detail by Newkirk” for the Berg-Barrett technique. 

By taking topographs from three mutually perpendicular planes, it is possible 
to deduce the character of the dislocations. These topographs can be obtained by 
cutting the specimen on different orientations or, in the case of a.thin wafer, a 
judicious use of the transmission and reflection Lang techniques. Three such 
transmission topographs obtained by Jenkinson” are shown in Fig. 6-37. Close 
examination will show that no dislocations show up in all three topographs; a 
Tew appear in two. Generally, a dislocation appears in only one topograph. The 
reason may become clearer by reference to Fig. 6-38, which is a representation of 
_ the two types of dislocation. For either case, x-rays traveling in the direction of 
the Burgers vector encounter misalignment in successive reflecting planes; 1.e., the 
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(c) 


Fig. 6-37. Transmission topographs taken from (a) (1 1), (b) (1 11), and (c) (111) plane of silicon 
slice cut (111). (From Jenkinson.”) 


Visibility; -Mox Ni | Visibility; Max Nil | Weak 
(a) | (b) 


Fig. 6-38. Visibility of dislocation from mutually perpendicular planes. (a) Serew dislocation; 
(b) edge dislocation. (From Jenkinson.”) . . 


effect is a maximum. For x-rays traveling normal to the Burgers vector in the case 
of the edge dislocation, Fig. 6-38), they see essentially a point defect; successive 
planes are in alignment. For a screw dislocation, Fig. 6-38a, the misalignment i is 
confined to only one. or two atom planes and is also a minimum. Returning to the . 
topographs of Fig. 6-37, we see that.the glide system of both germanium ‘and 
silicon is along {111} ple: in a <110> direction, that is, the slip planes are 
almost invariably {111} and the direction. of the Burgers vector is <110>. The 
three topographs were obtained from {111} planes. There are six possible <110> 
directions (if we ignore the positive or negative sense, which 1 18 merely a question of 
orientation), and any {111} plane will contain three of these. If the Burgers vector 
of the dislocation is one of these three directions, it will be invisible. If it is in- 
visible in a second topograph, then the Burgers vector must lie i in the intersection 
of these two planes to satisfy both conditions. If a dislocation is visible in two 
topographs, then the converse is true: i.e., it cannot lie in either of these. In fact, 
only one possible condition is left, and it is parallel to the intersection of the third 
(or invisible) plane with the (111) surface. 
Similar results can be obtained with III-V ‘compounds. However, in this case 
the structures are more ionic, and the glide planes will prefer the electrically neutral 
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Fig. 6-39. Method for obtaining stereographic projection topographs. (From Jenkinson.”) 


lattice planes. The system will, in general, tend to be along a (110) plane in the 
[101] direction, although this is not as invariable a rule as that for the homopolar 
silicon and germanium structures. 

For almost all work, the direction of the dislocation can be estimated reasonably 
closely by its appearance in the normal topographs. In a more elegant method 
due to Lang” a stereoscopic projection is obtained. The principle is shown in Fig. 
6-39. Two topographs are taken, one at twice the Bragg angle to the other. This 
is equivalent to taking one at the (Akl) and the other at the (h4/) reflection. Under 
a stereo viewer, an in-depth impression of the dislocations can be obtained. An 
excellent example of this technique, using red-blue spectacles and a composite 
red-blue print, is given by Jenkinson.” 

Since the directions of both the Burgers vector and the dislocation can be de- 
_ termined, the character of the dislocation can be deduced (see Secs. 6-4 and 6-5) 
as either predominantly edge or screw. 
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Characterization of Semiconductor Surfaces 


7-1. INTRODUCTION 


An important part of the processing of a semiconductor single crystal in device 
fabrication involves the preparation of a single-crystal slice of high surface per- 
fection. Both physical and chemical imperfections must be considered in the 
surface because these slices are used for device fabrication and as substrates for 
the growth of epitaxial films. Any imperfections left at the surface will be de- 
leterious to device characteristics and will contribute to imperfect epitaxial layers. 
The single-crystal slices are sawed from the larger single crystal with a diamond 
saw. This sawing operation produces a damaged surface, which has been estimated 
to extend from 40 to 80 u into the crystal. To remove this damage and to pre- 
pare a flat surface, the sawed slice is polished with successively finer polishing grits. 
‘This mechanical polishing does remove the deeper saw work damage, but because 
of the brittleness of germanium and silicon these operations cause microscopic 
conchoidal fracture and cracking. The depth of this latter damage is of course. 
considerably less than that obtained in the sawing operation but does extend be- 
neath the surface. The depth of this damage appears to be approximately equal — 
to the diameter of the abrasive material used in the lapping for germanium! and 
gallium arsenide? but only one-half to one-quarter as deep for silicon.! 

To complete the preparation of the semiconductor slice it is necessary to etch 
the surface chemically. Chemical etching dissolves away the rest of the damaged 
surface left from the lapping operations. Etching also serves the vital function of 

cleaning the surface of chemical impurities. The effectiveness of these lapping, 
etching, and washing operations and methods of analyzing these surfaces will be 
discussed in this chapter. 


{Superscript numbers indicate References listed at the end of the chapter. 
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7-2. PHYSICAL IMPERFECTIONS 


Mechanical damage at the surface of a single-crystal semiconductor slice produced 
by sawing or lapping is not well understood. Clarke and Hopkins? reported that 
this damage produced a large density of acceptorlike states with, two energy levels 
of 0.022 and 0.4 ev. These energy levels are thought to be vacancies. While there 
is no direct evidence for the presence of dislocations, most of the effects of work 
damage are explained by the presence of both vacancies and dislocations. The 
predominant effects observed include changes in surface conductance, surface 
recombination velocity, disturbance of the orderly arrangement of atoms in the. 
single crystal, increased etch rate of the damaged part, and production of defect 
states that act as electron traps. All these induced imperfections lend themselves 
to an evaluation or analysis of the extent of surface damage. 


7-3. INFRARED CHARACTERIZATION 


Jones and Hilton? reported the use of infrared-reflection measurements in the 
20- to 60-u region to determine the depth of damage in n-type gallium arsenide 
surfaces caused by sawing and lapping operations. While only n-type gallium 
arsenide was studied in this work, the technique appears to be directly applicable 
to other III-V n-type intermetallic semiconductors. This technique can also be 
used on p-type materials since the damaged surface would cause phonon scattering _ 
and decrease the surface reflectance. However, the effect is small, and the accuracy 
of the method would not be nearly as good as that for n-type material. 

The infrared-reflectance method is experimentally a simple technique. The | 
sample is weighed, the reflectance measured over the 20- to 60-» region, an in- 
crement of surface etched away, the sample reweighed, and the reflectance spectrum 
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Fig. 7-1. Infrared-reflection spectra from lapped gallium arsenide surfaces, illustrating the technique 
used to determine the depth of damage caused by, in this case, a 1,200-grit polish. (From Jones 
and Hilton.*) . 
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Fig. 7-2. Graphical technique used to 
determine the depth of damage using 
infrared-reflectance spectra. In this 
study a 1,200-grit (~10u) polishing 
compound was used. (from Jones and 
A ilion. ao ) : 
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~ remeasured.. ‘This sequence is repeated until there is no further change in the 
measured spectrum after three etch cycles. A typical set of spectra for a sample of 
gallium arsenide that had been polished with 10-u grit is shown in Fig. 7-1. _ 

A plot of the area under the reflectance curve versus depth removed is Showa in 
Fig. 7-2. As can be seen, when all damage has been removed a constant area 1S 
obtained. In. this case 10-u grit caused damage to a depth of 8. 8 u Or approximated 
the diameter of the particles in the lapping compound. 


7-4. X-RAY CHARACTERIZATION 


The diffraction of x-rays from a damaged semiconductor surface will be different 
from the diffraction of a perfect single-crystal surface of the semiconductor. Ware- 
kois et al.‘ used the half-width of the rocking curves obtained from a double-crystal . 
x-ray spectrometer as a measure of the depth of damage in a study of III-V inter- 
metallic semiconductors. | 

In the double-crystal rocking-curve analysis of subsurface damage, radiation is 
diffracted and measured as shown in Fig. 6-31. Warekois et al. used a germanium 
single crystal as a monochromator because the spacing of the planes was close to 
those of the III-V intermetallic semiconductors which were being studied. 

A typical set of rocking curves which might be obtained from the spectrometer 
is shown in Fig. 7-3. As the semiconductor surface under study is rotated, the 
count rate.of the detected radiation is recorded. If there is no surface damage, then 
the full width of the rocking curve at half maximum will be /. If the semiconductor 
surface were damaged, then multiple atomic planes at the Bragg angle would cause 
the rocking curve.to broaden, as shown in Fig. 7-3, with intensity J, The following 
‘sequence would be used to study the depth of damage in a semiconductor.: The | 
lapped or sawed slice would be weighed, a rocking curve recorded, an increment of 
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Fig. 7-3. Typical set of x-ray rocking curves showing broadening produced by jamaaed hues 
(A fter Kurtz; by permission MIT Lincoln Laboratory. ) 


the surface etched away; the slice reweighed, a rocking curve recorded, and the se- 


quence repeated until a constant full width at half maximum for the recorded curve 

hag been obtained. Then a plot of this full width versus depth removed would look 
similar to Fig. 7-2, where a constant full width would be obtained after all surface 
damage had been removed. The depth of damage would be obtained from the 
intersection df the two lines. A detailed description of this x-ray technique is 
given by Intrater and Weissman® for aluminum, but the technique is directly 
applicable to all semiconductor surfaces. 


7-5. ETCH RATE 


_ The etch rate of a damaged semiconductor surface will be faster than that of a 
perfect single-crystal surface. This increase in etch rate is probably due to a com- 
bination of factors, including increased surface area and increased dislocation 
density (see Sec. 6-12). When the rate of dissolution is measured as a function of 
distance into the crystal, a curve, as shown in Fig. 7-4, will be obtained. As the 
amount of damage decreases, the etch rate decreases anil a constant rate of dis- 


solution is obtained. The intersection of the two lines is the depth of damage. 


The depth of damage in silicon,’ germanium,®® and gallium arsenide (B face)**. 
is shown in Fig. 7-5 as a function of the particle size used to lap the surface. For 
_ gallium arsenide, the etch rate and x-ray rocking-curve techniques give comparable 
results but are in sharp disagreement with those obtained by infrared-reflection 
measurements.” Thig discrepancy is probably due to a change (deeper in the crystal) 
to a type of damage that is not detected by x-ray or etch rate. If, as suggested by 
Faust,? a deeper layer of plastically deformed material containing mechanically 
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Fig. 7-5. Curves showing the depth of damage as a function of lapping-compound particle ‘size for 
various. semiconductors. (Note the discrepancy between etch rate and infrared data for gallium 
arsenide.) | | 
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induced dislocations extends into the crystal, then neither etch rate nor x-ray 
rocking-curve techniques can detect the damage. Since the infrared-reflection 
technique measures the amount of phonon absorption caused by free carriers, 
which in turn would be generated at dislocations, a deeper depth of damage would — 
be obtained by this technique. This is also a more meaningful analysis since these 
same traps would be very detrimental to device characteristics. 


1-6. ELECTRICAL METHODS 


The depth of surface damage introduced by sawing or lapping can be deter- 
mined by measuring some electrical parameter while incrementally removing 
layers of this surface until only the bulk electrical properties are observed. In- 
tuitively it would be expected that measurements of electrical properties would be 
a more meaningful measure of ‘surface damage since it is these same electrical 
properties that will ultimately affect the device characteristics. Buck! has shown - 
that these electrical techniques, for example, the photomagnetoelectric effect and 
photoconductivity decay, give comparable measurements of the depth of damage 
when compared with x-ray and etch techniques. Generally, measurements of 
these electrical parameters are more difficult: to perform and to interpret than the 
characterization techniques described earlier. 


1-1. PHOTOMAGNETOELECTRIC MEASUREMENTS 


The photomagnetoelectric effect (PME) can best be described as the Hall effect 
caused by the diffusion current of light-injected carriers. Figure 7-46 shows sche- 
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matically: how such a measurement would be made. A voltage V, is measured, and the 
magnitude of the voltage is used as a measure of the amount of surface damage. 

In this technique," the surface. under study is strongly illuminated and a magnetic 
field is: applied perpendicular to the illuminated surface. The. “photogenerated” 
holes and electrons are deflected in opposite directions by the magnetic field and 
thus set up the PME open-circuit voltage. If the surface under study has been 
damaged, all ‘the carriers will recombine at the illuminated surface, and the PME 
voltage will be low. As the damaged surface is incrementally etched away, the 
PME voltage will rise until-all the.damaged layer has been: removed and only the 
bulk properties control the magnitude of the signal. A typical set of curves used 
to1 measure the depth of surface damage is renown in ‘Hig. 7-7. 7 


1-8. CONDUCTIVITY 


The bulk conductivity of a thin slice of a semiconductor will be strongly in- . 
fluenced by the surface conductance of the sample. A damaged surface has a large. 
number of free carriers, and the total conductance of a thin germanium slice will 
be strongly affected by the conductivity. Clarke and Hopkins? measured the 
effective resistivity (surface plus volume) as a function of temperature and ob- 
tained curves as shown in Fig. 7-8. By repeating this measurement, after in- 
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Fig. 7-7. Photomagnetoelectric effect as a measure of the depth of surface damage due to various: 
‘lapping compounds on germanium. (Adapted from Buck and McKim.") 
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Fig. 7-8. The pronounced effect of surface 
damage, caused in this case by. sandblasting, 
can be readily observed in the total resistivity 
(bulk plus surface) of a thin germanium single 
crystal. (From Clarke and Hopkins.*) 


Effective resistivity in ohm-cm 
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crementally etching away part of the damaged surface until a constant resistivity — 
was obtained, they were able to determine the depth.of damage. They were able 
to identify two acceptor levels at 0. 022 and 0. 4 ev which were associated with the 
| damaged surface layer. 


7-9. DIODE REVERSE. CURRENT 


The data of Clarke and Hopkins? ‘Gadicdted that a, iaavel iawee of a semi- 
conductor surface would cause a decrease in effective resistivity because the dam- 
aged layer would act as a leakage path. Buck and McKim!" used this increased 
surface conductance as a measure of the depth of damage. Large-area p-n diodes 
were lapped or polished on all four sides. The reverse leakage current Iz was 
measured. The diode surfaces were then incrementally etched away and the 
reverse current measured after each etch. The results are shown in Fig. 7-9, and 
the depths of damage obtained by this method agreed with values obtained by 
other techniques for the same size of grit. 


7-40. MISCELLANEOUS TECHNIQUES FOR PHYSICAL IMPERFECTIONS 


Buck! has used photoconductivity decay (PCD) to determine the depth of . 
damage in germanium surfaces and obtained reasonable agreement with the 
photomagnetoelectric effect. There are significant random variations and experi- 
mental difficulties that. make the PCD method less attractive than the other tech- 
niques discussed. Walters” reviewed ‘the use of magnetic resonance techniques 
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Depth of material removed by etching, computed from weight loss 


' Fig. 7-9. Measurement of the depth of surface damage using reverse dark current on a germanium 
grown-junction p-n diode. (From Buck and McKim.) 


in the study of semiconductor surfaces. The difficulty with this latter technique 
is the need for very high surface areas, necessitating finely crushed and powdered 
samples. - on 


7-11, ETCH PITS CAUSED BY SURFACE DAMAGE — 


The prime reason for chemically etching a semiconductor surface is to complete 
the removal of surface damage from previous cutting and lapping: operations. 
Generally a polished, flat surface is desired for further slice processing, and planar 
or nonpreferential etches are available for this purpose. However, there are other 
etches available for each semiconductor that are used to produce pits (see Sec. 
6-13), and these etch pits are related to the dislocation density of the bulk semi- 
conductor. These same etch pits will form at dislocations produced by mechanical 
lapping or polishing of a semiconductor surface. The real difficulty in this method 
of analyzing for surface damage is differentiating the causes of pit formation. 
Frequently, it 1s not possible to decide whether an etch-pit pattern was caused by 
mechanical damage or a dislocation line in the original semiconductor bulk material. 


7-12. X-RAY TOPOGRAPHY 


_ .The technique of x-ray topography (see Sec. 6-16) appears to offer the only 
_ nondestructive method for examining physical imperfections in semiconductor 
surfaces. The x-ray topograph can produce a photographic image of the imper- 
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fections at the surface of the single-crystal semiconductor slice. The ultimate | 
resolution of the technique is controlled by the type of photographic emulsion used 
to record the image. Emulsions with resolutions near 1 » are available, e.g., Ilford 
L-4, but as much as 20 hr is required to generate the topcgraph. Generally resolu- 
tions in the order of 10 u are adequate for the study of surface damage, and Eastman 
Kodak Type A autoradiographic or similar plates are used. With these plates more. 
reasonable exposure times of 3 to.5 hr are employed to record the topograph. 

While this technique yields detailed images of the damage in the semiconductor 
slice, it. does nat. record the depth of damage. If the depth of damage is required, 
it is necessary to remove layers of the surface incrementally and record an x-ray 
topograph after each etch. Considering the length of time required to record each 
x-ray topograph, it would appear that this is a needlessly time-consuming approach 
to the problem. However, the high sensitivity of this technique to subsurface 
dislocations allows the use of this method after all the others have reached their 
ultimate limit of sensitivity. Techniques such as etch rate, x-ray rocking curves, 
PME, and other electrical techniques are useful only where gross damage is present. 
These are only relative techniques in that they record the point at which that 
technique can no longer distinguish between the bulk parameter and surface- 
damage change in the bulk parameter. X-ray topography, on the other hand, can 
~ record individual dislocation lines and can follow the removal of these imperfections 
through incremental etching. No other technique has this inherent ey fol 
studying semiconductor surfaces. 

The experimental x-ray topographic technique which has proved most useful in sur- 
face study is the scanning-reflection method developed by Howard and Dobrott* (see 
Sec. 6-16). This was a modification of the stationary Berg-Barrett back-reflection 
technique, and it allows the sampling or analysis of the entire ‘surface of a slice 
up to 1 in. in diameter. 

The experimental arrangement is ne in Fig. 7-10. The sample-to- film distance 
is in the order of 15 mm, which is large compared with the 0.1 mm used in the 
stationary Berg-Barrett technique. The semiconductor slice under study is 
mounted on the goniometer head in the micrographic camera and the beam stops 
opened. Copper radiation (Ka) from a micro-focus x-ray tube is used for this 
surface work. The crystal is angularly rotated until the desired diffracting planes . 
are in exact orientation (see Sec. 6-16). The sample (c) in proper diffracting posi- 
tion is coupled to a film holder mounted. perpendicular to the diffracted’ beam (D). 


% pot x-ray source 


| Translation 


Diffracting (Ill) 
planes in exact 
orientation 


Fig. 7-10. Egpemenial arrangement used for scanning-reflection x-ray topography. (From Howard 
and Dobrott.1%) 
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Fig. 7-11. A (440) x-ray topograph showing ° 
polishing damage below the surface. This slice 
appeared optically to have a mirror finish with 
“no evidence of surface damage. 


~ 


'. The sample and film are translated perpendicular to. the incident beam (Io). When 
the x-rays strike the crystal, the surface diffracts coherently and is registered on the 
photographic plate (fF). The resulting image is a pagwerepn of the distribution 
of flaws in the semiconductor slice. 

_ As an illustration of the sensitivity of this. sesiicnie, Fig. 7- 11 shows a (440) 
x-ray topograph of the (111) face of a gallium arsenide slice that had been chem- 
ically polished to a mirror finish on the surface. There was no visible evidence 
of any surface damage. This topograph revealed polishing. scratches over the 
entire surface. The surface was further chemically ce to. remove 4.8 yu, and a 


‘ 
a 


Fig. 7-12. A (440) x-ray topograph of the 
slice shown in Fig. 7-11 after 4.8u had been 
etched away, removing. almost all the surface 
damage. 
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Fig. 7-13. Schematic diagram of Lead beam stop 
the transmission-surface topography 
apparatus used by Blech et al.® 


second (440) topograph was run. This topograph (Fig. 7-12) showed that almost 
all the scratches had been removed. Similar studies of other chemically polished 
surfaces often have shown damage depths of 1.1 to 8.1 u. 

This technique has been most useful in the study and correlation of surface 
preparation and epitaxial deposition (Chap. 8). 

It is possible to examine surface imperfections by transmission x-ray topography 
on very thin semiconductor slices. Blech et al.“ used a modified translating Lang 
method, shown in Fig. 7-13, to examine diffusion-generated dislocations in silicon 
surfaces. The positioning of the slits (100 u) allows either. the surface or various 
depths below the surface of the crystal to be examined. In this case the diffusion- 
induced dislocations were all at the surface. This technique is of course also applic- 
able to the study of all surfaces and circumvents: the usual repeated etching- 
analysis sequence. | 


7-13. ELECFRON MICROSCOPY 


The high resolution of the electron microscope has made it a valuable instrument 
for the examination of surface features. For these types of studies, it is necessary 
to prepare replicas of the surface for examination in a transmission electron micro- 
scope. The direct-carbon-replica technique of Bradley’ gives the highest fidelity 


and is the easiest to prepare. Stickler’ reported a highly successful nondestructive 


direct-carbon-replica method for the examination of silicon surfaces. This tech- 
nique made use of the very thin (10 to 50 A) native oxide film that is always present | 
on a silicon surface. Following the vacuum evaporation of an approximately 300 A 
carbon film on the silicon surface, the sample was lowered into HF-H.O (1:10); 
and the thin native oxide film immediately dissolved away and the freed carbon 
replica floated to the surface. The silicon sample was quickly removed, rinsed, 
and dried to prevent surface stains. A new thin oxide layer immediately grew on 
the silicon surface, and the entire process could be repeated many times without 
any deleterious effect on the original surface. For higher-contrast work it was 
found possible to preshadow the surface at an oblique angle with a platinuni- 
palladium alloy and follow this with carbon deposited at normal incidence. The — 
replica was easily floated away from the surface by the HF-H.O treatment. 


\ 
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Koehler and Mattern® and Savanick” have reported techniques for preparing 
replicas i in such a manner that correlations between light and electron microscopic 
examinations are possible. Both techniques involve attaching an electron- 
microscope grid to the replica in such a manner that the area of interest is located 
in a mesh window. 3 | 


7-14. CHEMICAL IMPERFECTIONS 


The final step in the preparation of a semneonduelai slice is to sampicts the 
removal of work damage and to clean the surface. This is accomplished by chem- 
ically etching the surface with a nonpreferential polishing etch such as those shown 
in Table 6-4. The etch must produce a smooth, uniformly etched surface and must 
be used long enough to dissolve away all the damaged surface. The effectiveness 
of the etch in removing physical imperfections can be determined by any of the 
techniques described earlier. 


7-15. CHEMICAL IMPURITIES DEPOSITED FROM SOLUTION 


The effectiveness of the etch in cleaning the surface of the semiconductor is 
considerably more difficult to evaluate. Atalla et al. have pointed out that as 
little as one ten-thousandth of a monolayer of an ionic impurity is sufficient to 
invert (cause to change type, for example, p to n) the surface of 1 ohm-cm silicon 
and cause device instability. On a (111) oriented silicon surface one ten-thousandth 
of a monolayer is only 4.8 X 10” atoms/cm”. For an impurity with an average 
atomic weight of 100 this represents 8 pg/cm? of surface area. Any analytical tech- 
nique would be hard pressed even to approach this detection limit. Morrison”! 
studied the effect of trace amounts of copper (as low as 0.05 ppm) in the etch and 
subsequent rinse solutions used to treat germanium surfaces. By measuring the 
field-effect mobility and surface recombination velocity, Morrison was able to 
cause the surface of n-type germanium to become p type. Figure 7-14 shows the 
results of Morrison’s work for copper contamination in rinse solutions and, as can’ 
be seen, as little as 0.05 ppm affected the surface. The same result was sbeerved 
for copper contamination from etch solutions, but it was necessary to use about 
one hundred times more copper to achieve the same effect. Frankl,” and Boddy and 
Brattain,”* observed similar effects for copper contamination on germanium. While 
surface contamination is foreign to a semiconductor, these contaminants may be 
applied in a controlled manner to produce some desired effect in or on devices.”?-24 
Sullivan and Scheiner” reported some work where. the addition of the complexing 
agent tetrasodium ethylenediaminetetraacetate to a hydrogen peroxide etch. 
solution resulted in germanium transistors that degraded some 2,000 hr later than 
those etched in regular hydrogen peroxide etch solution. An excellent discussion 
of some effects of semiconductor surface treatment on device operation was given 
by deMars.*% As early as 1958, Bemski and Struthers” reported that traces of 
gold from reagent# used in etching deposited on silicon'and degraded the lifetime 
of the semiconductor after heating. Carlson® reported that fast-diffusing elements — 
such as iron, copper, manganese, and zinc could act in a similar manner. Copper 
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is generally accepted as the element that causes thermal conversion (change from 
-n to p type on heating) in most semiconductors. This is particularly difficult to 
control if present, because of its very fast diffusion coefficient. | 
The most fruitful approach for studying the contamination of semiconductor 

surfaces from solution has been by radiotracer techniques.*!“ Radiotracers offer 
the most sensitive and specific means that can be used for directly measuring the 
~ amount of surface contamination after an etching or washing operation. Since 
the mechanism of adsorption or amount of surface contamination is a function of 
the species presented to the surface, the various contaminants will be discussed as 
cations, anions, and organics. 7 | 


T- 16. CATION CONTAMINATION 


The contamination of semiconductor surfaces i cations from etches and sub- 
secuent washing solutions can be adequately described either by irreversible 
electrochemical reaction at the semiconductor-liquid interface or by reversible 
physical adsorption. If the electrochemical potential of the contaminating metal- 
cation couple lies above that of the semiconductor (Latimer’s convention), then 


physical adsorption will occur. If the electrochemical potential lies below, then -— 


an electrochemical reaction will occur. Table 7-1 lists some of the more important 
-. electrochemical potentials in acid and alkaline solution. In acid media, gold and 
copper, for example, will electrochemically deposit as metal on silicon and ger- 
manium. On the other hand, iron will deposit only from alkaline solutions. 
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Table 7-1, Selected Examples of Electrochemical Potentials of Metal— - 
Metal lon Couples in Acid and Alkaline Solution 
Metal-metal ion couple Ep, volts 
In acid solution: 
NaeNat+e- _ . —2.714 
ALS A+++ 4 3e00— |  ~1.662 
Si + 2H.O = SiO, + 4H+ + 4e- — 0.869 
Ge + 2H.O @ GeO, + 4H+ + 4e- . —Q.15 
Cu = Cutt + 2e- _ +0.337° 
Au @ Aut +e | : +1691 
In alkaline solution: | | | “4 
Ca + 20H- = Ca(OH): + 2e~ : — 3.02 
Al + 30H- @ AI(OH)s;3 + 3e- | : , —2.30 
Si + 6OH- = S8i0;-— + 3H.0 + 4e- | — 1.697 
Ge + 50H- = HGeO;- + 2H.O + 4e- ~ —1.03 
Fe + 20H- = Fe(OH), + 2e- | — 0.877 
Pt + 20H- 2 Pt(OH), + 2e- +0.15 


_ Holmes and Newman,®* using electron diffraction techniques, showed that silver- 
ion contamination in acid solution on silicon and germanium was deposited as 
microcrystallites of silver metal over the surface of the semiconductor. Larrabee* 
showed that the amount of surface contamination was linearly related to the amount 
of cation in the solution according to the following relationship: 


log [M°] = n log [M+] + log k - (7-1) 


Figure 7-15 shows a typical set of curves for various cations deposited on indium 
antimonide from solution. Electrochemical deposition of these cations from solu- — 
tion is an irreversible process. Table 7-2 shows the results of repeated attempts 
to wash gold contamination from germanium surfaces with hot-water washes. 
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Fig. 7-15. Electrochemical deposi- 
tion of metal ions on indium antimo- 
nide from solutions containing ppm 
levels of impurities. (From Larra- 
bee. 3?) | 
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Table 7-2. Adsorption of Gold from Solution on Germanium Surfaces 


First H.O wash, | Second H.0 wash, | Third H.O wash, | Fourth H,O wash, 
ppm Au presented 


atoms/cm? atoms/cm? atoms/cm? atoms/cm? 

0.03 8.54 X 104 7.07 X 10" 3.76 X 10% 5.34 X 108 
0.06 1.29 K 10” 1.14 X 10” 1.00 X 10” 9.22 X 10% 
0.30 | 4.54 & 10” 4.03 X 10" 3.73 X 10” 3.98 X 10” 
7.75 X 10” 7.05 X 10” 6.80 X 10” 


0.60 8.57 X 10” 


Table 7-3. Washing of Germanium Surfaces with 1% KCN Solution to Remove Gold Contamination 


First KCN wash, Second KCN wash, Third KCN wash, 


- ppm Au presented 


atoms/cm? atoms/cm? atoms/cm? 

~ 0.03 3.76 XK 10% 2.77. 10% 2.18 & 104 
0.06 6.00 X 101! 3.88 X 10" 2.99 * 10 
0.30 | 2.31 X 10” ' 1.48 X 10” 9.35 & 10" 
0.60. | 4.44 * 10” 2.82 X 10” 1.43 K 10” 


Subsequent washing of these same surfaces with 1% KCN solution (Table 7-3) 
did not remove the gold, which illustrates how difficult it is to eliminate this type 
of surface contamination. Its removal must involve a two-step process: dissolution, 
immediately followed by complexing of the dissolved species to prevent redeposi- 
tion. | 


Those cations whose electrochemical potentials lie above the semiconductor are - 


adsorbed by a physical adsorption mechanism. This reversible mechanism is 
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Fig. 7- 17, Aiisisdicciane showing silver-ion distribution on nitric acid- boiled (left) and freshly 
etched (right) silicon surfaces. 


characterized by a Freundlich isotherm, where a log plot of equilibrium surface 
concentration vs. equilibrium solution concentration is a straight line. Figure 
7-16 shows this straight-line relationship for sodium ion on gallium arsenide. As 
can be seen, after each wash a new equilibrium is established with that wash solu: 
tion. This behavior demonstrates the need for ultraclean rinsing media and pref- 
erably flowing rinse solutions. . 

The impact of radiotracers is clear Hiei these seamless. Only radiotracers 
have sufficient sensitivity to allow the entire process to be followed from etching 
through final wash. Radiotracers have the added property that the surface dis- 
tribution can.be readily followed by using autoradiography. In a study of the 
contamination of silicon transistor bars by silver ion from solution, it was observed 
that freshly etched bars retained more impurity from solution than nitric acid— 
boiled bars. When this experiment was repeated on silicon slices and autoradio- 
grams obtained (Fig. 7-17), it was immediately apparent that the nitric acid— 
boiled silicon surface had grown an oxide that protected the surface from the solu- 
tion. The silver. ion deposited only where there were breaks or imperfections in 
the oxide film. The freshly etched surface showed a more uniform distribution 
of silver because the surface was essentially oxide-free. 


(7-17. ANION CONTAMINATION 


_As.in the case of cation interaction with’ semiconductor surfaces, anion 
radioactive-tracer techniques offer the most sensitive and easiest method of study- 
ing surface contamination from solutions. The interaction of the various types of 
anion with semiconductor surfaces is not as well understood as for cations.. The 
-adsorption of anions from aqueous solution on silicon. surfaces is probably best 
understood if it is remembered that all silicon surfaces are covered with a porous 
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15 to 25 A native oxide film. As a result the anion is presented with the possibility 
of physical or chemical adsorption on either or both the silicon surface and the 
silicon dioxide film. 

Some work in the Texas Instruments Incorporated laboratories* on the adsorp- 
tion of phosphate using radio-phosphorus-32 from solution points to the silicon 
dioxide film as the adborguon site. Table 7-4 shows the effect of pH on the a- 


Table 7-4. Effect of pH on the Amount of Poets. 
lon Adsorbed from Solution 


Phosphate surface 


Solution pH concentration, atoms/cm? 
10 2.49 X 1014 

5 1.09 X 104 

1 3.24 X 10% 

0 (1 N HNO ) | 3.28 X 108 

Etch No. 2+ | 4.56 X 10” 

Etch No. 4t 2.12 * 10” 


tEtch No. 2: 120 ml HF, 180 ml HNOs, 150 ml 
CH;COOH, 6 ml 2% NasHPO,. ; 
tEtch No. 4: 80 ml HF, 120 ml HNO;, 300 ml 
CH;COOH, 4 ml 2% NasHPO,. 7 


mount of phosphate retained on silicon. In these studies reject, low-breakdown, 
silicon transistor bars were used, and flowing distilled-water rinses were employed. 
As can be seen, most adsorption was obtained from the higher pH solutions and 
least from fluoride-containing etches, where all oxide would have been dissolved 
away. 

Further evidence of the role of the nativeoxide film in the adsorption of anions 
was obtained by using radiosulfur-35 to study sulfate-ion adsorption. In one 
experiment silicon slices were treated for 20 min at 200°C in H,*SQ, and then — 
treated in various ways. Table 7-5 shows the effect of water wash followed by 
HF, which dissolves the SiO, film. These results suggest that the. sulfate anion 
was entrapped or phomically adsorbed on or in the SiO, film. 


Table 7-5. . Adsorption of Sulfate lon on Silicon Surfaces from H2=SO, at 200°C for 20 min 


Treatment, SO.-—/cm? 


Slice | “ a oan 
Boiled distilled Hydrofluoric acid, = eoceneo inn 
hydrofluoric acid, 


#0, 20 min | | 5 min, blotted dry blotted dry 
1 | 1.21 X 10" 2.54 xX 102 1.88 X 10" . 
2 7.59 X 10! 9.12 X 10” | 4.86 X 102 
3 2.72 % 104 356X102 2.04 X 10” 


; ; ty 
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The retention of Cr.O,~ ~ i ion from solution on silicon surfaces is eaiaily studied 
by using radiochromium-51. The study of the effect of Cr,0;- ~ solution concentra- 
tion and repeated washing i is shown i in Table 7-6. As can be seen, the adsorption 


- Table 7-6. Adsorption of CrOr-- lon trom Solution on Silicon Surfaces _ | 

, fs ‘ : Fi : : Ne H 
7 | —— Atoms Cr adsorbed/cm?. | ite 
~ ppm K,Cr.0, 


Atoms Cr presented 

2 First wash - Second: wash Third wash 

2 8.21 X 1016 8.44 * 10% 6.06 X 10% 5.44 X 108 
2 8.21 X 1016 6.98 X 10% 5.08 & 108 4.52 & 108 
1 4.11 X 1016 4.38 X 10% 2.26 X 108 1.85 X 108 
0.2 8.21 X 101 1.17. < 10% 6.00 K 10” 4.94 * 10” 
0.2 8.21 & 105 8.74 & 1022 - 6.68 X 10? 0.92 X 10” 
0.1 4.11 X& 105 2.06 « 10” 1.07 X 10% ~—- 8.96 & 101 
0.05 1.64 K 10% 1.18 X 10” 8.54 X 10% 7.68 & 10% 
0.02 6.18 * 10% 4.94 K 20" 4.50 X 104 


8.21 X 104. 


is irreversible and concentration-dependent. Since physical adsorption is a re- 
~ versible process, it must be concluded that the Cr,0;- ~ either is chemically adsorbed 
on the oxide or electrochemically reacts with the silicon surface, according to 
iq. (7-2), | 
2Cr.O;-~ + 388i + 16H* = 38102 + 8H,O + 4ACrt++ (7-2) 


at.the same time becoming entrapped in the newly formed SiQ2. ‘To determine 
which mechanism was operative, adsorption on freshly etched silicon and nitric 
acid—boiled silicon was studied as a function of Cr2O;-~ concentration. These 
results are shown in Fig. 7-18, where it can be seen that the freshly etched surfaces | 
retained more radiochromium-51 than the nitric acid—boiled surfaces, which had — 
a thicker protective film of SiOz. From this behavior, the adsorption process would 
appear to involve electrochemical reaction with ihe silicon surface. | 
Radiotracers have also been used to study the retention of halide ions by silicon 
surfaces in the Texas Instruments Incorporated laboratories.” By using radioac- 
tive iodine-131, it has been demonstrated that the iodide ion is:not retained 
(<10" atoms/cm?), while the fluoride ion (fluorine-18) is irreversibly and chem- 
ically adsorbed® on both silicon and silicon dioxide films at 10" atoms/cm? con- 
centrations. This behavior can be explained on the basis of Si—X and Si—O 
bond strengths. Only the Si—F bond is stronger (136 kcal/mole) than the Si—O 
bond (106 kcal/mole). All other Si—X pone are weaker and therefore are readily 
hydrolyzed. 
While the iodide ion does not interact with the silicon surface, elemental iodine 
in solution does react*” and becomes entrapped in freshly grown SiO, film: 


‘Si + 2h, + 2H.0 = 4I- + Sid, + 4Ht (7-8) 


The physically entrapped iodine was found to be readily removed with an HF 
etch. This reaction is analogous to the Cr,O;-~ reaction with silicon surfaces. 
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Fig. 7-18. Adsorption of chromium ions from solution on two types of silicon surface. 


7-18. ORGANIC CONTAMINATION 


Very little work has been carried out on the adsorption of organic molecules on 
- semiconductor surfaces.. Cunningham et al.®* have described a method for the 
formation of chemisorbed monomolecular films of organo-substituted silanes on 
the natural oxide of silicon. Cullen et al. carried out similar work on germanium. 

No work has been carried out to measure directly the amount of organic material. 
adsorbed by using radiotracer carbon-14 tagged organic molecules. Anderson‘! 
has published a rather interesting technique using: carbon-14 labeled solvents. to 
detect preexisting organic surface contaminants. In this technique, the. rate of 
evaporation of a volatile material from a surface was found to be an inverse function 
of the amount of preexisting contaminant. With an experimental arrangement as 
shown in Fig. 7-19, the rate of evaporation of a tagged material such as tetrabromo- 


, . High erage 
Fig. 7-19. Apparatus used to measure surface con- |Recorder 


tamination using a carbon-14 tagged organic test : = a GM ‘detector 
solution. (After Anderson.*?) 


'5C test solution 
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Fig. 7-20. Evaporation curves (A clean, 
B contaminated) used to measure the 
amount of surface contamination. Data from 
apparatus shown in Fig. 7-19. (Courtesy 
Dr. John: Anderson.*) 
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ethane-C14 from a clean surface and from a contaminated surface would appear as 
shown in Fig. 7-20. Anderson feels this technique can detect 0.1 ug/cm? of organic 
contaminate. This level of contamination is still rather high for semiconductor 
‘surface contamination and probably represents in the order of 10% molecules/cm?, 
depending on the molecular weight of the organic compound. 

Some recent work in; the Texas Instruments Incorporated laboratories” has 
evolved a method whereby iodine labeled with iodine-131 is reacted with surface 
organics (e.g., K MER?) and appears to have high sensitivity (= ie ng/em?). This 
technique is discussed in Sec. 10-41 on films. 


7-19. ELECTRON MICROPROBE 


The electron-probe microanalyzer offers one of the most siisetal tools for the 
analysis of semiconductor surfaces for chemical imperfections. The technique 
answers many apparently divergent criteria at the same time. Both qualitative 
- and quantitative analysis are possible on surface areas ranging from 100 to 160,000 
uw. The volume of material analyzed can be controlled by the energy of the electron 
beam, but the depth of penetration is typically 1 to 2 » for a 50-kv beam. Figure 
7-21 schematically illustrates the operation of the instrument. In fact, it is a 
combination of the electron microscope and the fluorescent x-ray spectrograph. 
Birks® gives an exeenene discussion of the microprobe, its Oper aMON: and its applica- 
tions. 

The specimen whose surface is to be analyzed i is mounted in an evacuated cham- 
ber, and the electron beam is focused on the surfacé. The 5- to 50-kv beam of 
— electrons generates characteristic x-ray spectra of the chemical elements contained 
in the area being analyzed. A system of x-ray optics is use_ to analyze the emitted 

x-rays and thus yield both qualitative and quantitative chemical analysis of the 
micron-size area under study. 

The forms of readout available from today’s commercial instruments ere a 
wealth of information which otherwise would not be attainable. The x-rays which | 
are generated by the high-energy electron beam are nee by diffracting them 


+KMER is Kodak Metal Etch Resist, a nena polymer ee a the photolithographic | 
process (Sec. 1-5). 
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with a crystal and measuring them with an appropriate detector. The output of 
the detector, which then consists of voltage pulses of varying amplitude, is analyzed 
with any of several types of electronic signal-processing equipment. These analyses 
can be carried out with the electron beam stationary or with the electron beam 
scanning the surface over a small area of 10 X10 to 400 X 400 u. 

Electron Beam Stationary. With the electron beam stationary, it can be focused 
on an area on the surface of the semiconductor. The diameter of the spot can be 
varied from 0.5 to 500 uw by defocusing the electron beam. Under these operating 
conditions the instrument is a micro x-ray fluorescence spectrometer.’ By scanning 
the x-ray diffracting crystal and feeding the output cf the detector through an 
amplifier and count rate meter to a recorder, a standard x-ray fluorescence spec- 
trum will be obtained. This will give a qualitative or semiquantitative analysis for 
all elements present in the spot or area under analysis. 

For quantitative analysis, the output of the detector is fed from the amplifier- 
pulse-height analyzer to a scaler-timer. The precision of any measurement should 
be controlled by normal counting statistics, where the standard deviation is equal 
to the square root of the total number of counts accumulated. Smith*-has carried 
out a careful evaluation of the entire microprobe analytical system and has observed 
that the true standard deviation can be 1.5 times that predicted by Poisson statistics 
of counting data alone. Causes of this larger standard deviation are not clear but 
probably include accuracy of electron-beam focus and fluctuations in the detector 
system (gas flow rate, high voltage, preamplifier gain). 

This experimentally observed decrease in precision will of course affect the ulti- 
mate detection limit for any impurity in a matrix. Typical detection limits are in 
the 300- to 1,000-ppm range. This impurity level, when segregrated ina 10 X 10 | 
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area, With 2 uw beam penetration, represents. 7.5 & 107 to 2.5 & 107° ug total 
detectable element for a germanium or gallium arsenide matrix. Detection levels | 
. of this order are very useful when semiconductor-device surfaces are being analyzed. 

Electron Beam Scanning. When a beam of 50-kv electrons strikes the surface 
of a sample, a number of other phenomena occur as well as x-ray generation. 
ligure 7-22 shows this interaction, and, as can be seen, both backscattered electrons 
‘and secondary electrons will be emitted from the surface. The number of back-. 
scattered electrons will depend on the atomic number of the elements in the speci- 
men. Figure 7-23 shows the fraction of electrons that will be backscattered as a 
function of atomic number. Conversely, the number of collected electrons in the 
specimen is equal to (1 — R). | 
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Fig. 7-24. Electron-probe microanalysis of a fault in a gold film on silicon. (a) Specimen-current 
picture; (6) gold distribution; (c) aluminum distribution; (d) copper distribution. 


By using a scanning electron beam and measuring either the backscattered 
electrons or the specimen current, it is possible to see differences as small as one 
atomic number. When the two parameters, electron-beam position and specimen 
current density, are correlated and displayed on the raster of an oscilloscope, a 
picture is obtained of the elemental distribution over the scanned area (Fig. 7-24a). 
Similarly, a picture can be obtained from the backscattered electrons. While it is 
not feasible to identify elements from these displays, it is possible to identify areas 
of interest and to carry out subsequent electron-microprobe x-ray analyses of these 
areas on the surface. This x-ray analysis of an area for a specific element is ac- 
complished by setting the diffracting crystal and electronics so that only the x-ray 
of the element of interest is detected. As the electron beam is scanned over the 
area of interest, the density of that particular x-ray emission is recorded on the 
raster of the oscilloscope. Figure 7-24, c, and d show the distribution of Au, Al, and 
Cu on a silicon substrate determined by this scanning technique. 

The electron microprobe appears to be one of the more powerful tools available 
for the study of semiconductor surfaces. The full potential of the technique has 
- yet to be exploited on purely surface studies since most work to date has been on 
the analysis of finished electron devices, particularly integrated circuits. 
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7-20. ELECTRON DIFFRACTION 
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Electrons 


Sample 


Fig. 7-25. Schematic illustrating reflection-electron diffraction technique. 


Electron diffraction. i is directly applicable. to the: analysis of small areas on the 


4 surface of a semiconductor. The deposit or area under study must be crystalline, 


or diffraction will not occur. ‘Schematically the technique of selected-area reflection- - 
electron diffraction is shown in Fig. 7-25. A beam of 20-kv electrons is focused on 
the area of interest on the surface at a small grazing angle, typically 1° The 


electrons will diverge because of interaction with bound electrons in the lattice 


and will travel in the proper direction to satisfy the Bragg cones of diffraction. | 
A series of rings will result and be recorded on a photographic plate. The ring 
diameters correspond to interplanar spacings in the crystal, and identification of 
the crystal under study is made by carefully measuring the spacings of these rings 


and comparing them with known patterns. Compilations of these patterns are 
available, arranged in a systematic manner to aid in the identification. The tech- 


nique is not quantitative but does give more information than a simple elemental 
analysis since it is possible to identify a compound from the ring spacings. 
‘Holmes and Newman* used electron diffraction to study the state of etched silicon 


and germanium surfaces and particularly metallic deposits from impurities in the 


etching solutions. They observed that when these impurity metals electrochemical- 
ly deposited on silicon or germanium, they formed small three-dimensional islands 


of 40 to 60 A across rather than flat, coherent films. Table 7-7 lists the results of 


the work of Holmes and Newman and gives a good picture of the sensitivity of this 
technique 


7-21. MASS SPECTROSCOPY 


Mass spectroscopy has found only limited use in the investigation of semicon- 


ductor surfaces. Kozlovskaya® has studied the amount and nature of gases evolved 


from silicon and germanium on heating to 800°C, using mass spectroscopy. It 
was observed that nitrogen, carbon monoxide, carbon dioxide, hydrogen, and water 
were evolved from the semiconductor surfaces. The relative amounts of these 
gases were shown to be a function of the surface treatment, and the total amount 
of gas Represented: two to four monolayers’ CONEIAES. 
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Table. 7-7. Summary of Quantitative Data on the Sensitivity of Electron Diffraction® 


Substrate Deposit material 


Evaporated silver single crystal {Copper 
on mica (111) surface atomi- | 
cally smooth at room tempera- 


ture 

Electropolished (111) face of Copper 
massive silver crystal at room 
temperature 

Electroetched (111) face of Copper 


silver at room temperature 


Nw 


Evaporated silver single crystal |Surface attacked 


on mica (111) surface atomi- | with bromine gas 
cally smooth at room tempera-| to give silver . 


ture _ bromide 
As above, but at 200°C Copper 
‘Sodium chloride cleavage face |Copper 


at room temperature 


‘Silicon carbide cleavage face at {Silica 


room temperature 


- seem ii on ACCME . : . y . 


Atomic 
number 
| of deposit 


29 


———————_— | 
a ag SS 
? . 


29 . 


Al 


ET OE 
zi rE 
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Parallel 
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random 
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almost amorphous 
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Ahearn‘ has used this technique to examine semiconductor surfaces for adsorbed - 
impurities such as metals. Pairs of silicon electrodes were fabricated and sparked 
in the source of a solids mass spectrometer.’ The experimental arrangement was 
such that a pointed electrode was scanned over the surface of the counter electrode. - 
' Ahearn was able to show significant surface contamination of silicon by sodium 
hydroxide etching. 

The problems with sparkesource solids mass spectrometry are the quantita- 
tion and interpretation of the results. The depth of penetration of the spark 
varies with its energy but probably penetrates as-much as 20 uw. For true surface- 
contamination studies a penetration depth in the order of 20 A would be preferable. 
Further, the true area covered by the scanning spark can only be roughly estimated, 
which makes quantitative results very difficult. However, the judicial use of 
control samples does make it possible to show the effect of some process on the 
amount of surface contamination, and the qualitative identification of surface 
impurities has been demonstrated by Ahearn’s work. 


7-22. ELECTROCHEMICAL POTENTIAL AND CAPACITANCE 


Brattain and Boddy® measured the: differential capacitance of the interface 
between germanium and a pH 7.4 buffered electrolyte to determine the effect of 
certain trace-metal ions in solution on the electrical properties of the semiconductor. 
The capacitance of an electrode-electrolyte interface is inversely proportional to 
the charge separation distance. This charge is made up of the Helmholtz double 
layer (a surface charge formed by adsorbed ions) and a diffuse electrochemical 
double layer or space-charge region. 

The capacitance of the germanium-electrode solution interface was measured 
by a current pulse technique, and the potential of the semiconductor was followed 
with an oscilloscope through a platinum reference electrode. 

Since minute quantities of impurities in solution interact with the semiconductor 
surface, it was necessary for Brattain and Boddy to purify the electrolyte. This 
was accomplished by a simple technique whereby germanium powder was produced 
in situ by rapidly stirring a solution containing a few pieces of germanium with a 
magnetic stirrer. This stirring action gradually produced a dense cloud of fine 
particles with, of course, a very high surface area. With this purified electrolyte, 
Brattain and Boddy’s capacitance measurements showed only the presence of the 
semiconductor space-charge region. The surface recombination velocity was found 
to be close to zero, which, coupled with the absence of the Helmholtz layer, in- 
dicated the absence of fase surface states. 

In later work, Boddy and Brattain“ systematically edded trace amounts of 
copper ion to the electrolyte and observed the presence of another capacitance in 
parallel with the semiconductor space-charge region. Surface recombination 
velocity was observed to incréase to significant levels. Boddy and Brattain attribute 
this change in electrochemical capacitance and the presence of surface states to the 
copper ion in solution. They also observed similar states produced by ions of aod . 
and silver. 

This electrochemical technique appears to offer a unique and powerful method © 
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of producing nearly perfect semiconductor surfaces (i.e., no fast states) and then 
systematically observing the effect of cea. sdded impurity ions on the 
semiconductor. 


7-23. MISCELLANEOUS PHYSICAL TECHNIQUES FOR CHEMICAL IMPERFECTIONS 


The analytical chemist will generally find physical methods involving micro- 
scopic examination of semiconductor surface for contaminants of only limited 
value. A visual microscopic examinaticn is at best qualitative and then can only 
detect agglomerates of material. If the contaminant is uniformly distributed, the 
visual method will be quite ineffective. Occasionally, if the contaminant is organic, 
it will fluoresce under ultraviolet light. However, even this method, when applic- 
able, is also quite insensitive. 

An indirect method used by Atalla et al.,2 based on the hydrophobic character 
of a freshly etched silicon surface, appears to be capable of yielding a qualitative 


measure of the cleanliness of a surface. The surface to be examined is dipped in 


- liquid nitrogen for about 10 sec and then observed at 400 magnifications in a closed 
chamber in which wet nitrogen is circulated. A thin sheet of ice forms immediately 
on the surface; and as the semiconductor warms up, a uniform layer of fine water 
droplets forms over the surface if the surface is clean. By observing the shape and 
size of the water droplets and the way the water evaporates, a qualitative measure 
of the cleanliness of the surface can be obtained. This.technique offers no informa- 
tion on the amount of contamination and is probably not capable of detecting 
inorganic contaminants. __ 

These techniques are of more use as qualitative tests in a production operation 
where they can be applied in quality control of some step in the process. 
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Characterization of Epitaxial Films 


8-1. INTRODUCTION 


In 1928 Royer! introduced the term epitaxy to dénote the phenomenon of 
oriented growth of one crystal upon another. The word epitary is derived from 
the Greek ept, meaning ‘‘on” or “upon,” and the past tense of the verb teinein, 
meaning “arranged,” and hence “arrangement on.” Royer’s work was applied to 
the orientation of crystal layers on a substrate of different material and structure. 
Dash? extended the term to describe the fresh growth of silicon on a silicon seed 
in melt-grown crystals. The present-day usage of epitaxy and epitaxial crystal 
growth describes a process where a thin single-crystal film is deposited on a sub- 
‘strate. In the case of semiconductors this now usually describes the growth of the 
thin single-crystal film from the vapor on an oriented melt-grown single-crystal 
surface of the same material. This vapor growth can ‘be carried out in a closed-tube 
system or in a flow system. While much of the early work on semiconductor 
epitaxial film growth was carried out in closed-tube systems,*®* the flow systems 
are now the preferred methods. 


8-2. GROWTH IN CLOSED-TUBE SYSTEMS 


The epitaxial growth of single-crystal semiconductor films in closed-tube sys- 
tems is accomplished as shown in Fig. 8-1. In this technique, a quartz tube is 
loaded with the polished semiconductor substrate seeds, a large source of the semi- 
conductor, e.g., 50 to 100 g, and some element such as iodine or hydrogen which 
will combine with and transport the feed semiconductor. Iodine was used in the 
earlier germanium? and silicon‘ work carried out at the IBM laboratories, and the 
chemical reaction proceeded via the disproportionation of the diiodide for both 
elemental semiconductors; e.g., 


2Gel.(g) = Ge(s) + Gelu(g) (8-1) 


tSuperscript numbers indicate References listed at the end of the chapter. 
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Fig. 8-1. Schematic illustrating epitaxial film growth in a closed-tube system. (From Wajada et al.*) 


‘Deposition rates of 10 u/hr were obtained for germanium’ and silicon.’ Later work 
by May® showed the deposition rate to be directly proportional to the iodine pres- 
sure and roughly proportional to the reciprocal of the source-to-substrate distance. 
The closed-tube system for epitaxial growth has received comparatively little 
attention, and generally the quality and uniformity of the deposits are inferior to 
those produced by other vapor techniques. The lack of flexibility in system control 
and substrate doping has severely limited the usefulness of the closed-tube system. 


8-3. GROWTH BY SUBLIMATION AND EVAPORATION 


The techniques of sublimation, evaporation, and sputtering have not been widely 
used in the semiconductor industry for the production growth of epitaxial layers. 
These three techniques are basically the same in that silicon atoms are energized 
by some method and, under high vacuum, migrate to the substrate, where they 
impinge on the substrate and align themselves. The overall quality of films formed 
by this technique is comparable to that produced by other vapor-transport methods. 
However, as with the closed-tube system, these techniques are not amenable to 
mass production and lack versatility in system control and layer doping. 

Sublimation. Handelman and Povilonis’ reported the epitaxial growth of 
silicon by vacuum sublimation at pressures of 10-° to 10-® torr in the apparatus 
shown in Fig. 8-2. As can be seen, the experimental arrangements required for 
sublimation are exacting with a specially designed, metal and organic-free 
ultrahigh-vacuum system a prime prerequisite. These workers successfully grew 
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Fig. 8-2. Schematic of a sublimation apparatus for the growth of epitaxial films. (From Handel - 
man and Povilonis.’) 


n-type silicon layers where previous workers had obtained only p-type layers. 
They also demonstrated the feasibility of vacuum-sublimation growth of epitaxial 
germanium layers. | | 

Evaporation. In sublimation techniques for the growth of epitaxial films, the 
source or feed is not heated to the point of melting as it is in the evaporation meth- 
ods. The use of a melted source requires higher temperatures and more intimate 
contact of the molten source with the container and implies higher risk of con- 
tamination for. the epitaxial film. Newman,’ in an excellent review of the growth 
and structure of epitaxial films of germanium and silicon, has pointed out that 
residual oxygen and nitrogen in vacuum systems are major sources of contamina- 
tion. Refractory oxide boats? and refractory metals such as tungsten and_tan- 
talum" are reported to cause contamination of evaporated films. The use of 
electron-beam bombardment to melt the silicon, as shown in Fig. 8-3, results in 
considerably cleaner films. 

Doping of epitaxial films during epitaxial growth can be accomplished by evapo- 
ration of the dopant in a separate boat at the same time as the film is being grown. 
This doping technique is difficult to control and lacks the flexibility required for 
industrial production. 


8-4. GROWTH IN, FLOW SYSTEMS 


The gas flow system for epitaxial film growth has become the accepted industrial 
technique for the mass production of epitaxial films. This system is best described 
as “single-crystal growth from the vapor,” where there can be simultaneous dep- 
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osition of silicon and a doping impurity into a single-crystal film of high perfec- 
tion. The deposition rate of the silicon or desired doping impurity can be rapidly 
changed simply by changing the composition of the gases flowing over the sub- 
strate. This results in a highly versatile system. | 

A schematic of a typical gas flow system is shown in Fig. 8-4. In this type of 
system, Teal-Little grown substrates, which have been carefully polished and | 
cleaned, are mounted in the reaction chamber of a susceptor. Usually the susceptor 
is inductively heated with RF in production areas because of the rapid turnaround 
time between runs. stesistance heating 1s more frequently encountered in research 
work, where speed of operation is not a consideration. 

Although every effort is made to ensure that the substrate is free of crystal- 
-Jographic and chemical imperfections, additional vapor etching is performed in the 
reactor immediately prior to epitaxial deposition. This etching can be performed 
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Fig. 8-4. Schematic of a typical flow system used for the growth of epitaxial films. This system was 
used for indium arsenide films. (From Mehal-and Cronin.}*) 
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with high-purity HCl, chlorine, bromine, or water vapor. The HCl system has 
been most extensively studied” and utilizes the reversibility of the reaction 


SiCl, + 2H, 2 4HCl + Si | (8-2) 


where an excess of HCl in the hydrogen-SiCl, gas stream will force the reaction 
to the left. After sufficient silicon has been etched from the surface, the HCl flow 
is stopped, the reaction immediately reverses, and epitaxial silicon growth begins. 

The doping or incorporation of desired impurities into the epitaxial layer is 
also accomplished through the gas phase. The two techniques used to it corporate 
the dopant into the flowing gas phase are solution doping and gas doping. Gener- 
ally, solution doping is used for the more heavily doped epitaxial layers and is 
carried out by bubbling the carrier gas through a solution of the dopant. In silicon 
and germanium epitaxy, common solution dopants are PCl; or SbCl; dissolved in 
SiCl, or GeCh. | | 

Gas doping is more flexible in that gases such as BoHs, AsH3, and PH; are diluted 
with hydrogen to the ppm level and then are simply introduced into the H.-SiCl, 
stream by appropriate valving. Both n- and p-type layers can be grown with 
impurity concentrations ranging from 5 XK 10" to 10” atoms/cm® by using gas 
doping. 
- The epitaxial growth of the IJJ-V compounds was. reviewed by Mehal and 
Cronin. A slightly more complex flow system is used: with these compound semi- 
conductors than with silicon and germanium. The versatility of this flow system, 
in which Mehal and Cronin grew mixed III-V epitaxial layers of GaInAs, is shown 
in Fig. 8-4. Doping was accomplished by introducing H28, zinc, or cadmium 
vapor into the gas stream. Rubenstein and Meyer" grew gallium arsenide epitaxial 
layers by using GaCl; and arsenic in a hydrogen carrier gas where reaction -and 
single-crystal growth occurred at the substrate surface. Conrad et al.,™ using 
elemental gallium, indium, and arsenic metals as feed, grew GazIng_»As epitaxial 
layers on GaAs substrates. These epitaxial mixed ILI-V semiconductor layers 
are an ideal medium for tailoring electrical properties to produce the desired band 
gap, mobility, or graded structure required for given device parameters. 


8-5. CHARACTERIZATION PROBLEMS 


The evaluation of epitaxial films presents many problems that are absent in the 
analysis of bulk semiconductors. Since these single-crystal layers are very thin 
(1 to 25 pw), there is only a limited amount of sample available for analysis. On a 1-cm? 
surface of a 10-» silicon film there would be a total sample of 2.3 & 107° g available 
for analysis. Typical analytical requirements for the analysis of this film would 
include film thickness, electrical properties, composition if it were a mixed III-V 
such as Ga,;Ing_»As, chemical impurities in the film, and physical imperfections 
‘such as dislocation count, stacking faults, and other damage in the epitaxial layer. 
Most of these measurements would be expected to be nondestructive. 
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8.6. FILM THICKNESS 


There are both destructive and nondestructive methods available for the accurate 
measurement of the thickness of an epitaxial layer. Unfortunately, the nonde- 
structive techniques are not applicable to every epitaxial layer, and therefore in 
such cases the destructive techniques must be utilized. | 


8-7. ANGLE LAP AND STAIN WITH INTERFEROMETRY 


The angle lap and stain is a destructive technique and is much like that 
in Sec. 9-9 for the determination of diffusion ‘depth. Bond and Smits!® at Bell 
Telephone Laboratories described the use of an interference microscope to’ measure 
the thickness of extremely thin surface layers. In this technique the sample was 
-mounted on a steel cylinder at a shallow angle of 0.5 to 1.0°, as shown in Fig. 8-5. 
The angle-lapped sample was then transferred to an interferometer, as shown in 


= 


Fig. 8.5. Fixture used for lapping a bevel at a small. angle. (From Bond and Smits,!® copyright 
1956 by the. American Telephone and Telegraph Co., reprinted by permission.) 
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Fig. 8-6. The monochromatic light normally used in this work is sodium and has a 
wavelength of 5.89 X 107° cm, or 0.589 uw. A fringe pattern is observed, and the 
number of fringes between the epitaxial surface and the substrate surface are 
counted. Since the fringe spacings correspond to \/2, for sodium light each fringe 
equals 0.2945 uw. For the case where 20 fringes were observed, the layer thickness 
would be | 


An X ; = 20 X 0.2945 


= 5.89 u 


Bond and Smits feel that an accuracy of + 5 percent is easily obtained by using 
half-silvered microscope slides for the mirror. A detailed procedure for angle 
lapping, staining, and interferometrically determining the thickness of epitaxial 
layers was published by Monsanto Company.’ These workers report the precision | 
of the measurement to be + one fringe or +0.2945 u. When an interferometer is 
not available, the angle-lap-and-stain technique is still employed, but the thickness 
of the epitaxial layer is measured with a calibrated microscope. The. thickness is 
then calculated as described in Sec. 9-9 for diffused-junction depth measurement. 

While this angle-lap technique is in fact a destructive technique, it requires only 
a small edge of the epitaxial slice. Frequently it is possible to cleave a small piece 
from the slice and measure the epitaxial-layer thickness on this chip. In either 
_ case it is very seldom necessary to sacrifice the entire slice for the thickness measure- 
ment. 


8-8. STACKING-FAULT DEFECTS 


Frequently during the growth of epitaxial films stacking faults will grow into 
the film. A schematic drawing of a stacking fault grown in an epitaxial layer on a ~ 
(111) substrate is shown in Fig. 8-7. This stacking fault is shown originating at the 
substrate surface, as most do, and is the result of the intersecting of the three 
stacking-fault planes (111), (111), and (111). By measuring the length ZL of the 
side of the equilateral triangle formed at the surface, the thickness D can be cal- 
culated: 


D = LW2/3 = 0.816L (8-3) 


Dash®8 reported excellent agreement between the thickness found by this tech- 
nique and the angle-lap-and-stain technique. Since stacking faults can originate 
in the growing layer, care must be taken to measure only the largest faults. This 
technique has declined in usefulness since the quality of epitaxial films has pro-- 


Fig. 8-7. Illustration of a stacking fault that originated 
at the substrate and was propagated through the 
epitaxial layer during film growth. 
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gressed to the point where there are few, if any, stacking faults. Since it is necessary 
~ to etch the surface to delineate. these stacking faults, the technique is best considered 
a destructive technique. 


8-9. INFRARED INTERFERENCE 


The most widely used technique for the measurement of the thickness of epitaxial 
films is. infrared (IR) interferometry. This is a nondestructive technique first 
reported by Spitzer and Tanenbaum” for epitaxial-film studies. Albert and 
@ombs” subsequently made a detailed study of the technique. 

The interaction of infrared radiation with an epitaxial film on a reflecting sub- 
strate is shown in Fig. 8-8. The incident ray I, at angle ¢, is partly reflected, as 
ray 1 at the epitaxial-layer surface, and partly refracted, at angle ¢’, to the sub- 
strate, where it is then reflected. The reflected ray emerges from the epitaxial- 
layer surface as ray 2. In the analysis, when the wavelength of incoming ray I is 
varied, the two reflected rays will interfere at integral multiples of half-wavelengths, 
resulting in alternate bright and dark interference fringes. An infrared detector 
looking at the reflected radiation would record the interference fringes as shown in 
Fig. 8-9. This figure is an experimental recording of an infrared scan of an epitaxial 
layer. 


Fig. 8-8. Interaction and reflection of infrared radiation from 
an epitaxial layer on a reflecting substrate. | 
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Fig. 8-9. Typical intrared-reflection spectrum of an epitaxial layer. 
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Since this measurement technique is restricted to infrared transparent epitaxial 
layers on heavily doped reflecting substrates, it can be assumed that the refractive 
index 72 is lower than the film index m, and that the extinction coefficient k; of the 
film is negligibly smail. By referring to Fig. 8-8 it can be seen that the optical 
path difference 6 for the two interacting rays is 


i= WAR GOBO) = AD (8-4) 
= 2T cos qd’ (8-5) 


where 7’ is the film thickness. For any given spectrometer or measurement system, 
the incident, angle is fixed, so that cos ¢’ in Eq. (8-5) is constant. Therefore, to 
calculate the thickness it 1s necessary only to obtain the best value for 6, the optical 
path difference, by using the infrared interference scan shown in Fig. 8-9. 

If the order m of a fringe maximum occurring at wavelength \,» is known, then 
5 = mm and can be substituted in Eq. (8-5). To obtain the value of m for the 
Am Maximum, it is necessary to count x fringes and record \ms2z, where | 


Mim = (mM + 2)dMnve (8-6) 
ae Lm+x 
and aie Cra OS Nes (8-7) 


The thickness can then be calculated by substituting these values in Eq. (8-5) and 
solving for 7. 


LmAm-+-2 


— 271,.COS ’ (Am — Am+a) eS) 


These calculations are simple since for a given spectrometer and material 2n; cos @¢’ 
is a constant. Albert and Combs” developed a fringe chart which gives reliable 
thickness measurements ‘with only three well-defined fringes. Walsh?! reports a 
circular slide rule that quickly does the same calculations. | 

The infrared interferometric mechod is the preferred method for epitaxial-film- 
thickness measurement. It is fast (1 to 2 min), accurate, and nondestructive. 
Unfortunately, it is not applicable to all films. The technique depends on a precise 
set of optical constants for the two silicon layers. The epitaxial layer must transmit 
and the substrate must reflect radiation. These optical constants are controlled 
by the free-carrier concentration of the silicon. Figure 8-10 shows the reflectivity 
of silicon for several dopant concentrations. As can be seen, high-resistivity or 
lightly doped semiconductors show small but constant reflectance over the wave- 
length range of interest. On the other hand, the heavily doped material shows a 
dip and then a rise in reflectance over the same, wavelength range. Spitzer and 
Fan” determined the optical constants of silicon, germanium, and indium anti- 
monide in the 5- to 35-4 region as a function of free-carrier concentration. They 
reported reflectance curves similar to those of Albert and Combs.” In general, © 
the resistivity of the substrate must be less than 0.01 to 0:02 ohm-cm to obtain 
satisfactory reflectance. The resistivity of the epitaxial layer must be greater than 
1 ohm-cm to allow sufficient radiation to penetrate to the substrate for reflection 
and subsequent interferometric interaction with the radiation: reflected at the | 
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Fig. 8-10. Reflectance spectra of silicon samples showing the effects of carrier concentration on the 
optical constants. Decreasing reflectance, below 30 percent, indicates decreasing refractive index, and 
large increasing reflectance indicates large increasing extinction coefficient. (From Albert and 
Combs.) 


epitaxial surface. Fortunately, most production epitaxial material meets these 
requirements of a lightly doped epitaxial layer on a heavily doped substrate.t. 

The two reflecting surfaces must be nearly parallel, or fringes from regions of 
varying thickness will cancel out.”* Variations in layer thickness must be less than 
1 to 1.5 uw. Good interference fringes will not be obtained if outdiffusion of dopant 
from the heavily doped substrate occurs.% Very thin films are difficult to measure 
by this technique because only one or two fringes are obtained, and films less than 
2 wu are more accurately measured by other techniques. | 

Albert and Combs” reported good agreement between the IR and angle-lap- 
and-stain methods. Schumann et al. report that the infrared interference tech- 
nique can be in error under certain conditions of wavelength and substrate doping 
concentration. This error occurs because a significant phase shift of the radiation 
occurs when wavelengths greater than those employed by Albert and Combs are 
used to measure the layer thickness. The effects of this phase shift can be seen 
when successive peaks or valleys do not yield the same layer thickness by using 
Kq. (8-8). Schumann et al.* developed a set of equations to correct for this phase- 
shift error, and some typical results of corrected data are shown in Table 8-1. This 
correction improves the agreement between thickness measurements techniques 
and also eliminates the variation in calculated thickness when successive peaks 
are used. The ASTM proposed method” for epitaxial-film-thickness measurement 
includes these corrections and lists an excellent a of these phase shifts as a 
function of substrate resistivity. 


~ +Heavily doped material is referred to as either. n¢ or pt. 
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sable 8-1. Results of Phase-shift Correction on Epitaxial- 
layer-thickness Measurements” 


Sample Corrected, u Uncorrected, u 


n/nt Si 7.01 + 0.091 7.62 + 0.52 
n/nt Si 2.90+0.016 | 3.82 + 0.073 
p/pt Si 3.10 + 0.033 3.64 + 0.12 


8-10. INFRARED ELLIPSOMETRY 


The theory and technique of visible-light ellipsometry is discussed in detail in 
‘Sec. 10-15. Infrared ellipsometry is the extension of this technique for the specific 
purpose of measuring the thickness of epitaxial layers which are themselves trans- 
parent to infrared radiation and are on reflecting substrates. | 

_ Hilton and Jones” developed the infrared ellipsometer shown in Fig. 8-11, which 
is an infrared version of the visible ellipsometer. The infrared ellipsometer is 
operated at 54.6 » because this wavelength satisfies all the requirements of the 
optics in the instrument and maximizes system energy transmission. At 54.6 u 


Preamplifier 13-hz amplifier Heel) 


Chopper 
Globar assembly 
source 
Quartz quarter- A 
wave plate ces <<—No 
oy : 
Off - axis 
parnboloid 


Polarizer 


Thermocouple 
detector 


(N/ CR 


aN L. 


Fig. 8-11. Schematic of the infrared ellipsometer. (From Hilton and .Jones.?") 
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‘there is good optical transmission through the quartz quarter-wave plate and 
maximum reflection from the NaCl and InSb opties. 

Subsequent work by these authors”® has improved the system. A new 13,000 
jine/in. aluminized polyethylene polarizer was fabricated and resulted in an in- 
crease from 26 to 70 percent transmitted 54.6-y radiation. Simultaneously a Golay 
detector” was installed. This detector is the most sensitive room-temperature 
detector available for this wavelength range. The Golay cell substantially increased 
the output signal over the thermocouple detector. With these improvements the 
two angle measurements on the polarizer and azimuth can be read to +1°. 

A typical ellipsometer curve for germanium epitaxial layers, p on pt, is shown in 
Fig. 8-12. The thickness of the epitaxial layer is shown for whole microns with — 


_ numbers and arrows, and the half-micron values are shown by arrows only.. The 


first order of thickness is read inside the curve (1.0 to 6.8 uw), and the second order 
(6.8 to 13.6 uw) outside. The experimental points shown on the curve are for over 
40 samples. The infrared ellipsometer performed well over the entire thickness 
range and gave good reproducibility on films below 2 yu, where infrared interfer- 
ometry cannot be used. An average reproducibility of +2.8 percent and an average 
difference between IR ellipsometry and interferometry of +9.1 percent were 
obtained. | | 
This technique has also been used to measure the thickness of silicon epitaxial | 
layers covered with as much as 14,000 A of SiO». The approximate thickness of 
the oxide layer must be known, and this can be readily determined with a visible- 
light ellipsometer. | | 


Fig. 8-12. Ellipsometer curve for 
p- type germanium epitaxial layers 
on ap” germanium substrate. ¢ = 

— 50°, A = 54.6 w. (From Hilton and 
Jones.**) | 
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8-11. FILM COMPOSITION 


It is obvious that the chemical composition of silicon and germanium epitaxial 
layers will not be considered. Also the stoichiometry of the IIJ-V epitaxial com- 
pounds cannot be determined with sufficient accuracy by using existing analytical 
techniques. It is generally felt that if stoichiometry deviates by more than 1 part 
in 10°, the electrical properties of the deposit will be seriously degraded. The 
third class of semiconductor materials is the mixed III-V compounds (for example, 
GalnAs and GaAsP) where the desired electrical properties, such as band gap, can 
be controlled by the composition of the epitaxial single-crystal alloy semiconductor. 
In these cases it is necessary to know the chemical concentration of each of the 
constituents of the semiconductor alloy. Here, as with other epitaxial layers, the 
amount of total sample available for analysis is very small (~5 to 10 mg/cm?), and 
nondestructive analytical techniques are vital since in the exploratory research 
area each slice is different. X-ray diffraction and ultraviolet reflection techniques 
are used for these analyses. 


8-12. X-RAY DIFFRACTION 


Vegard’s law states that the axial parameter of a parent lattice is very nearly 
a linear function of the atomic concentration of the dissolved atoms. That is, there’ 
will be a shrinkage of the host crystallattice when small-radius atoms are introduced 
substitutionally and expansion of the lattice for larger atoms. These changes in 
the lattice parameters are measured by x-ray diffraction techniques. It is estimated 
that the unit-cell parameter d can be measured to an accuracy of 1 part in 5 X 104 
with a relative error of +2 X 10-* percent of the unit cell.* 

Rubenstein® used powder x-ray techniques to show that Vegard’s law did hold, 
ana there was a linear relationship between the lattice constant and the composi- 
tion for the GaPq_.As, alloy system over the entire concentration range from 
x= 0 to «=1. The samples used in Rubenstein’s work were powdered bulk 
melt-grown crystals, and the technique was not directly applicable to thin epitaxial 
layers. | 

Williams et al.* have described in detail the use of x-ray diffraction to determine 
the composition of epitaxial Ga(As,P) alloys. They used a Supper-type goniometer 
head which was adapted to a Philips wide-range goniometer. With copper Ka 
x-radiation, the sample was carefully oriented by using the GaAs substrate (333) 
diffraction maximum. Then a diffraction trace was made, as shown in Fig. 8-13. 
The Ka; and Ka, peaks are clearly defined in homogeneous films. The shape and 
intensity of the region between the GaAsP and GaAs peaks give qualitative in- 
formation on the concentration gradient in the film. This is due to the fact that. 
the x-radiation penetrates in the order of microns into the film and gives the average 
concentration of that part of the epitaxial film. Vegard’s law was found to be | 
obeyed over the concentration range GaAs to GaAsosPos. Tietjen and Amick® | 
reported a linear relationship with lattice constant over the entire concentration 
range from x = 0 to « = 1 for epitaxial GaAsq_2P;. Reproducibility in the 
order of +1 percent was reported by both workers.®:*3 This x-ray diffraction 
analysis technique has also been used for Ga,Ing_zAs.¥® 
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| Fig. 8-1 3. Diffractometer trace of a GaP film on a 
_ GaAs substrate. (From Williams et al.**) 
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8-13. OPTICAL REFLECTIVITY 


The use of optical reflectance spectroscopy and its analytical applications have 
been reviewed by Wendlandt and Hecht. Peaks in the reflectance spectra of 
semiconductors, at wavelengths shorter than the band edge, are due to electronic 
interband transitions caused by phonon interaction of the light with the semi- 
conductor. Woolley and Blazey® reported a linear relationship between the wave- 
length of the energy associated with the reflectance peak and the composition of | 
polycrystalline (GaIn)Sb and (GaIn)As. Jones et al.*?3-38 applied this technique 
to the analysis of epitaxial (GaIn)As and Ga(AsP) alloy films. 

The specular reflectance technique is rapid, and since measurements are made 

directly on the solid, it is nondestructive. Unlike the x-ray diffraction techniques — 
described above, optical reflectance examines only the surface of the epitaxial layer. 
This makes it a valuable complementary technique and, when used with incremental 
etching, will give a concentration profile through the epitaxial layer. 
- The measurements are made with a double-beam spectrophotometer equipped 
with a specular reflectance attachment in the 350- to 750-my range (3.54 to 1.65 ev). 
In the region of the peaks (Fig. 8-14), a scale expansion of 20 is used to obtain a 
more accurate position for the principal reflection peak. The relationship between 
the energy of the reflectance peak and the composition of the GaAs—InAs is not 
linear. A linear relationship was observed for the Ga(As,P) alloys of composition 
0 to 50 mole percent GaP (Fig. 8-15). Jones* reported a standard deviation of 
£1 percent at the 90 percent confidence level for GaAs and InAs. 
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Fig. 8-14. Reflectivity of a cniar arsenide, showing the need for a 20 times expansion on | the 
reflectivity scale. (From Jones.*®) 


Fig. 8-15. Varia on of the E, reflectivity peak 
_ at room temperature for etched GaAsP alloys. 
(From Williams et al. =) 
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8-14. COMPOSITIONAL X-RAY TOPOGRAPHY 


The technique of x-ray topography was described in Sec. 7 -12 for the analysis 
of surfaces for physical imperfections. The scanning-reflection method was used 
to examine an entire surface (maximum 1 in.2) for defects. Compositional x-ray 
topography was developed by Howard and Dobrott.® It is an application of the 
scanning-reflection x-ray topographic method and is used in conjunction with the 
x-ray diffraction method described above. These two techniques can yield the 
- composition, alloy homogeneity, perfection, and crystallinity of the epitaxial 
deposit. 
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Fig. 8-16. Conceptual diagram for compositional x-ray topography. Each layer can be diffracted 
separately by utilizing the diffraction angle which corresponds to the lattice parameter (composition) 
of that layer. (From Howard and Dobrott.*®) | 


Since Vegard’s law holds for these alloy systems, the diffraction angle depends 
on the lattice constant, which is unique for each composition of the alloy. Once 
this diffraction angle is known or determined, the epitaxial layer can be examined 
topographically for that composition. Then, by changing the diffraction angle, 
the substrate or some other layer can be examined. This technique of selecting 
the layer to be examined is shown schematically in Fig. 8-16, where two epitaxial 
layers A and B have been deposited epitaxially on a GaAs substrate. In case a, 
the incident beam J) impinges at angle @ and the shaded volume V; in the GaAs 
substrate diffracts to form a topographic image. Then the slice-film combination 
is translated to examine the entire slice. Changing the angle of incidence of the 
beam Jy to 6, and 6, where 6; and @ are the diffraction angles for the particular - 
composition of epitaxial layers A and B, makes it possible to obtain topographs 
of each layer. 

To illustrate the applicability of this technique, a GaInAs epitaxial layer yielded 
the diffraction scan shown.in Fig. 8-17, where the GaAs substrate diffraction angle 
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Fig. 8- 47. Diffraction scan of an inhomogeneous (111) deposit of GalnAs. The alloy composition 
was 35% InAs. (From Howard and Dobrott. se 


was. 66.2° and the GalnAs layer was 64.2°. This diffraction angle for the layer 
corresponds to Gao sIngsAs. With these diffraction. angles, (400) x-ray topographs 
were made (Fig. 8-18) and show compositionally a nonuniform layer. Changing 
the diffraction angle made it possible to show that the GaAs layer was incorporated 
into the alloy. 
‘This technique is applicable to any mixed ITI-V alloy epitaxial system. Howard 
and Cox* report that this method clearly differentiated two regions in a Ga(As,P) 
layer with a compositional difference of only 3% GaP. 

This technique was used by Howard and Dobrott® to examine the composition 


Fig. 8-18. (a) (400) topograph reveals in- 
homogeneous regions in the (100) deposit of 
GalnAs; the alloy reflection was used to form the 
topographic image. (0) The relative contrast was 
reversed when the GaAs diffraction angle was 
employed to obtain the (400) topograph. 
eum Howard and Dobrott.**) 
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Fig. 8-19. The (440) topograph of the GaAs sitanaie reveals the hillocks as niengular regions of 
null contrast. The dark line traversing the image is a spurious reflection. (From Howard.and Dobrott.**) 


Fig. 8. 20. The (440) topograph of the GaAs0.67Po.33 layer; the dark contrast results from en cracks 
-in the deposit. (From Howard and Dobrott.*) 


and origin of ‘‘hillocks’’ (localized surface protrusions) in these epitaxial layers. 
By carefully correlating the position of hillocks with (440) topographs of the GaAs 
substrate and the GaAsp.ezPo.s3 epitaxial layer, they were able to show that the 
hillocks probably originated at the substrate interface and had a composition of 
GaAso.35Po1s. This striking series of topographs is shown in Figs. 8-19 to 8-21. 
Figure 8-22 is a photograph of the epitaxial layer. Subsequent angle lapping and 
staining of these hillocks confirmed the x-ray topographic analysis of the hillock 
phenomenon. 
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Fig. 8-21. The (440) topograph of the GaAso.ssPo.15 layer; only the hillocks are in diffracting 
position. (From Howard and Dobrott.**) 


Fig. 8-22. Photograph of the epitaxial film. 
showing numerous hillocks on a (111)- poe 
surface. (From H oward and Dobrott.*%) 


The successful application of compositional x-ray topography depends on several 
factors: (1) the total epitaxial-layer thickness must be less than the depth of 
penetration of the x-radiation used to examine the film; (2) the separation of 
diffraction angles for the different compositions and substrate must be large enough 
not to exceed the angular-resolution capabilities of the equipment; and (3) the 
absorption coefficient must be constant for each compositional layer, or the topo- 
graph from the underlying diffracting layers will have little meaning. 

The technique of compositional x-ray topography, when combined with the 
x-ray diffraction method, is a powerful nondestructive technique for the analysis 
of mixed III-V epitaxial films. Both planar and axial compositional inhomoge- 
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neities can be determined., The composition and origins of epitaxial imperfections 
such as hillocks can be investigated by this technique. Only compositional x-ray 
. topography can give a picture of the composition of the entire area of a film. 


8-15. ELECTRON MICROPROBE 


The application of the electron microprobe to the determination of the composi- 
tion of mixed III-V epitaxial alloy films is technically quite feasible. However, 
no work has been published on this particular application of the microprobe. As 
in most analytical procedures, the major problem would be the standardization. © 
The logical approach would be to utilize the x-ray diffraction technique to analyze 
the epitaxial films and then use those films as standards. Small areas could be 
analyzed for the three elements, say Ga, In, and As, to examine stoichiometry 
and homogeneity... The microprobe could not provide the SpEOnCluy or detail of 
the compositional x-ray topography technique. | . 


8-16. DOPANT DISTRIBUTION 


The incorporation of dopants in epitaxial films usually occurs from three sources: 
(1) outdiffusion from a heavily doped substrate into the epitaxial layer, (2) delib- 
_ erate introduction of dopants into the film during growth, and (3) the adventitious 
incorporation of unwanted impurities into the film during growth. The last-_ 
mentioned source of impurities will be discussed along with the relevant payee: 
procedures i in Sec. 8-38, Chemical Imperfections. 

The characterization of an epitaxial film for its doping seucentpation and be- 

havior is usually undertaken by radiovhemical techniques and/or electrically. 
Here, as with bulk-semiconductor evaluation, the various analytical techniques 
are complementary and for maximum information should be used concurrently. 
Electrical measurements give only the net carrier concentration and cannot give 
a direct measurement on a particular dopant. On the other hand, radiochemical 
techniques give precise information on the dopant under investigation but cannot 
give any information about the electrical activity of that dopant or, even more 
important, the resultant net carrier concentration. 
_ Epitaxial films are usually grown on heavily doped substrates (10% to 10% atoms/ | 
em). This type of substrate is necessary for subsequent device fabrication. Fre- 
quently at the film-growth temperatures the dopant will form a mobile species or 
dissolve and diffuse into the epitaxial film, as shown‘! in Fig. 8-23. This type of 
outdiffusion or movement of the dopant from the substrate into the epitaxial film 
can completely negate the effect of.a deliberately added dopant in an epitaxial 
layer and ruin the film for subsequent use in device fabrication. 


8-17: = ssareieoeaadiae STUDIES 


~The analysis for the distribution of a dopant in an épitaxial layer is analogous. 
to the diffusion-analysis problem (Chap. 9): As with diffused regions, the volume 
of material available for analysis is small, and generally the concentrations are 
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Fig. 8-23. Movement of the dopant 
from the substrate into the epitaxial film 
for silane (1100°C) versus silicon tetra- 
chloride (1210°C) systems. (From Bhola 
and Mayer.**) 
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sal As a result, radiochemical pane toies offer the most sensitive and straight- 
forward approach to the problem. Both activation analysis and radiotracer 
- techniques have been used in this type of work. | 
_ In the radiotracer technique, a single radioactive isotope is used to study the 
behavior of a.dopant during the growth of the epitaxial films. The dopant under 
study can be in the substrate and outdiffusing into the new growth of epitaxial 
material. Conversely, the dopant can be studied during deposition from the gas 
phase into the growing epitaxial film. One of the most powerful aspects of this 
technique is the use of autoradiography to obtain a picture of the distribution of 
the dopant across the face of the slice. 

Nakanuma*® reported on the use of radiophosphorus-32 as a tracer to study the 
incorporation of phosphorus in epitaxially grown silicon. The phosphorus con- 
centration in the epitaxial layer (from 10" to 108 atoms/cm*) was shown to be a 
function of the phosphorus concentration in the vapor phase. Attempts to increase 
the dopant concentration markedly above 10%, by increasing the PC]; concentra- 
tion in the gas phase, resulted in a sharp deviation from the transfer function. 
_Nakanuma felt that this may have been due to the effect of repulsive forces between 
phosphorus in the gas phase and that adsorbed on the growing surface, or the effect 
of having reached the solubility limit of phosphorus in silicon.. No autoradiograms 
of the phosphorus-32 doped layer were reported. 

‘Baker: and Compton* used ™J to measure the incorporation of iodine into 
germanium single-crystal films. The disproportionation of Gel, on a germanium 
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substrate in a closed-tube system was used. Following. fila growth, samaples were 
sectioned by hand lapping and the lappings counted. The results showed 10" to 
10% atoms/cm? incorporated into the films. The authors felt that this was a moder- 
ately low concentration and could not find any correlation between the iodine — 
concentration and the electrical effects.. Baker and Compton. also studied the 
‘incorporation of arsenic using As and gold# using Au into germanium films. 
A one-to-one correlation between arsenic concentration and Hall coefficient elec- 
trical carrier concentration was observed. The gold-tracer work points out the ' 
value of this technique because of the difficulties in electrically evaluating gold- 
doped semiconductors. Maximum solubility data for gold in epitaxial germanium 
as a function of substrate orientation were also obtained from the tracer data. 

Joyce*® used radiotracers to study impurity redistribution from substrates into - 
the epitaxial layers and into other layers downstream in a.multislice flow system. 
Silicon slices labeled with either ®P, "As, 1283p, or Ga were placed in an epitaxial 
reactor with a number of unlabeled slices downstream. Following growth of the 
epitaxial layer each downstream slice was analyzed for the radioactive species that 
- had been present in the tagged slice. Typical results are-shown for arsenic in Fig. 
8-24. The effect of sealing the backface of the doped slice and position of the slice 
relative to the doped slice is shown. It was found that oxide films provided better. 
outdiffusion barriers, with resultant less downstream contamination, for the group 
V elements than for gallium. More significant was the observation that most of 
the downstream dopant transfer occurred during hydrogen pretreatment rather 
than during subsequent epitaxial growth. 

Similar predeposition cleanup effects for tellurium-127 tagged gallium arsenide 
substrates have been observed in Texas Instruments laboratories.*”7 In this work 
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Fig, 8-25. Autoradiogram showing buildup of 
tellurium at the epitaxial-substrate interface. 


Interface 


Epitaxial Substrate 


layer 


a slice of ”’"Te-doped gallium arsenide (1 & 108 atoms/cm’) was placed in an 
epitaxial reactor and cleaned by vapor etching with HCl at 700°C prior to high- 
purity GaAs epitaxial growth. A 50-z epitaxial layer was then grown on the surface, 
and the sample was angle lapped. An autoradiogram of this undoped layer on the 
doped substrate is shown in Fig. 8-25. As can be seen from the dark band at the 
substrate-film interface, there was a pronounced increase in tellurium concentration 
in that area. Modifying the cleanup procedure eliminated this interfacial buildup 
and resulted in substantially improved microwave devices. 

Radiotracer -phosphorus-32 has been used in the formation of Ga(AsP) layers 
by diffusing phosphorus vapors into GaAs at 30 atm and 750 to 1125°C for times 
up to several days.* This procedure did not yield a single composition GaP,Asqa_z), 
but rather a graded layer, and._is, strictly speaking, not an epitaxial film. However, 
the technique is illustrative of the power of the radiotracer technique. 


8-18. ACTIVATION ANALYSIS 


Neutron activation analysis of impurities in epitaxial layers is readily applicable 
to silicon. The other semiconductors are very difficult to analyze by this technique 
because of the large amounts of activities produced by the matrix. However, while 
difficult, the problems are not insurmountable, and with ingenuity and persever- 
ance the radiochemist can carry out such an analysis. 

Abe and Sato” used neutron activation analysis to determine the distribution 
of arsenic atoms in epitaxial films deposited on heavily doped arsenic substrates. 
While outdiffusion into the film was observed, the profile of the distribution was 
_ found to be complex, and the tail region in the epitaxial film could not be fitted to 
the overall error-function distribution. 
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8-19. ELECTRICAL CHARACTERIZATION 


The electrical characterization of a thin epitaxial layer is not as straightforward 
as one might imagine. ‘As mentioned earlier, these films are generally deposited on 
| very-low-resistivity substrates to aid in subsequent device fabrication. As a result, 
care must be taken in any electrical measurement to ensure that the electrical . 

parameters being measured are those of the layer and are not being influenced by: 
the substrate. This effect is illustrated in Fig. 8-26, where the current between two 
point contacts on an n-type epitaxial film on a heavily doped n+ substrate flows 
through the substrate. In effect, the substrate electrically shorts out the epitaxial 
layer. This effect can of course be overcome by depositing the epitaxial film on a . 
control slice of high resistivity or of opposite type. However, the assumption must 
be made that the control epitaxial layer grown on a different type of substrate will 
have the same characteristics. There is a sampling problem, and 100 percent 
‘Inspection is not possible. | 


8-20. FOUR-POINT PROBE 


The four-point-probe technique used for epitaxial-film resistivity measurements 
is the same as that described in Sec. 4-16 for bulk materials. The epitaxial layer 
must be electrically isolated from the substrate and exist as either an n-type film 
on a p-type substrate (n/p) or vice versa (p/n). Dobbs and Kovacs® described a 
four-point-probe procedure that can be used routinely in epitaxial production. 
The procedure involves placing the slice (1 in. diameter in this work) in a dark box 
and measuring the voltage V between two probes while applying a constant current 
I between two other probes. The volume resistivity p is then calculated, 


V ¢t | 
p= 27 369 oe) 
with the epitaxial-layer thickness ¢ in mils. Dobbs and Kovacs devised a computing 
circuit to allow the input current to be set equal to ¢/86.9, leaving p = V. 
Schumann and Hallenback® developed a modified four-point-probe technique 
whereby two probes were placed on top of the epitaxial layer and the other two 


Fig. 8-26. Schematic showing how the heavily. 
doped substrate will ‘ ‘short out” the point contacts 
on the epitaxial film. 
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on the bottom of the substrate slice (in contrast to the normal four probes in line 
configuration). This ‘‘over-under’’ configuration is then applicable to n/nt and 
p/p* epitaxial layers. The technique, as presented, was in its initial development 
stages, and the authors preferred the two-point-probe technique. 

One advantage of the four-point-probe technique is its wide range of resistivity, 
from 0.001 to 1,000 ohm-cm before significant errors occur. 


8-21. THREE-POINT PROBE 


_ The three-point-probe technique for measuring the resistivity of epitaxial films 
has received far more attention than other electrical evaluation techniques. The 
advantage of this method is its direct application to n/nt and p/pt films-that are 
used in device fabrication. Since the method depends on measuring the breakdown 
voltage through the film to the substrate, it cannot be used on n/p or p/n films. 
The technique is simple, nondestructive, and requires little equipment which 
makes it applicable to production testing. 

Basically, the three-point-probe breakdown technique is a potentiometric 
measurement of the reverse breakdown voltage of a metal-to-semiconductor point- 
contact diode. The methodology” and theory of three-point-probe evaluation 
of epitaxial films have been carefully studied. Figure 8-27 shows a typical experi- 
mental arrangement for an n on n* silicon sample. A 3.5-mil tungsten probe serves 
to form the metal-semiconductor point-contact diode. The other two probes are 
sharpened dumet wires, of which one carries current to complete the circuit and 
the second serves as the potentiometric probe. This high-impedance probe meas- 
- ures the potential drop across the depletion layer. Since the depletion region is of 
the order of microns, the proximity of the potential probe is of no consequence in 
present probe designs. As the potential on the reverse-biased contact is increased, 
the depletion region associated with that probe extends deeper into the epitaxial 
film. At some voltage, depending on the epitaxial-film resistivity, breakdown will 
occur. The high-impedance potential probe is generally monitored on an oscillo- 
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Fig. 8-27. Circuit diagram of the experimental arrangement for three-point-probe measurements on 
\ 


epitaxial films. (After Dobbs and Kovacs.) 
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Fig. 8-28. Typical oscilloscope trace of voltage breakdown. 
- through an epitaxial film using a three-point probe. (After Dobbs 
and Kovacs.) 


scope but can be fed to an X-Y recorder. In either case, the /-V trace will increase 
until breakdown and then sharply “snap back.’’ A typical J-V trace is given in 
Fig. 8-28, showing the measured breakdown voltage. If the thickness of the 
epitaxial film is less than the depth of penetration of the depletion region, then the 
breakdown voltage is a function of both resistivity and thickness. A curve showing 
this relationship is given in Fig. 8-29. Since probe material, radius, pressure, and 
spacing are critical and difficult to control, the procedure must be empirically — 
calibrated. The measurement range of the technique is generally limited to re- 
sistivities from 0.1 to 1.0 ohm-cm. Poorly defined breakdown voltages limit the 
lower end; and, while well-defined breakdown occurs at Bue resistivities, it is 
usually controlled by factors other than resistivity. 
Gardner and Schumann applied a correction factor, to the three-point- 
probe measurements and got good agreement with the differential-capacitance 


Epitaxial film thickness, p 


lo'* io'® lo'é ne HON io'° 10° 
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Fig. 8- 99. Typical calibration curves for Hiree-pointprobe measurements. Note the effect of layer 
thickness on breakdown voltage at a given doping level. 
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technique (Sec. 8-24). They report a variation of +5 percent over a 2-week 
period for measurements on a sample of n-type silicon. 


8-22. TWO-POINT PROBE 


The spreading-resistance probe, or two-point probe, is a modification of the 
four-point-probe technique and is usable where the four-point probe fails. Schumann 
and Hallenback*®! and Gardner et al.** developed and applied this technique to 
silicon and germanium epitaxial layers. 

In this technique, two probes are placed on the n/n* or p/p* epitaxial surface 
as shown in Iig. 8-26, a small potential (~30 mv) is applied, and the resistance is 
measured. As long as the probe separation is greater than the layer thickness, the 
current will be restricted to the region below the contact on the layer and then 
spread widely in the substrate. This technique is sometimes termed spreading- 
resistance probe and obviously can be used only on the conventional n/nt or p/pt 
materials. The measured resistance is proportional to the resistivity of the epitaxial 
film. In order to calculate the film resistivity it is necessary to know the thickness 
of the epitaxial film accurately. This thickness is readily measured by any of the 
techniques described earlier (Secs. 8-6 to 8-10). Gardner determined the precision 
of this technique to be +15 percent on silicon, and Schumann* determined +10 
percent on germanium. | 

Schumann® made a comparison of the results of three-point- and two-point-probe 
techniques for n/n* silicon. A control slice of p-type material was processed along 
with the other material, and the resistivity of the n-type layer measured by using 
(presumably) the four-point probe. These results are shown in Table 8-2, and good 
agreement was obtained for the two-point and three-point-probe measurements. 
Poor agreement was obtained between the p-type ‘control and both of the other 
two methods. : 


8-23. PULSED POINT CONTACT 


Allen et al. developed a pulsed-current technique which is really a semiauto- 
matic, more rapid and more accurate three-point-probe technique. The experi- 
mental apparatus is shown in Fig. 8-30. A series of 500-usec progressively increasing 
pulses drives the output of a constant-current generator, while a high-impedance 
voltage probe measures the potential drop across the depletion layer. In the 
conventional three-point-probe system, an oscilloscope /-V detector system is 
used to measure the breakdown voltage. In this system, a diode detector is used to — 
charge a capacitor to the peak voltage, and the breakdown point is determined with 
a slope detector. This detector turns off the ramp generator when the rate of change 
of voltage, at the voltage probe, becomes zero or negative. The breakdown voltage 
is then read on a peak-reading voltmeter. The technique is epee and calibra- 
tion curves must be determined experimentally. 

In an evaluation of this pulsed-point-contact technique, a comparison of results 
on n/nt with the voltage-capacitance (V-C) diode technique (Sec. 8-24) showed 
good agreement (70 percent of values within +20 percent with the V-C technique). 
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Fig. 8-30. Block diagram of semiautomatic measuring circuit for three-point-probe measurements. 
(From Allen et al.5°) | | 


Table 8-2. ‘Experimental Results Obtained Si n/n* Epitaxial Wafers with Two-point Probe 
Compared with Three-point Breakdown and p-type Conirol®! 


_ Layer resistivity, ohm-cm 


Layer thickness, « Th 
| . : ree-point 


p-type control Two-point probe 


breakdown 

6.09 0.75 0.47 0.48 
7.36 0.85 - | 0.64 0.44 
7.87 0.95 | 0.68 0.86 
8.38 0.47 : 0.41 0.41 
12.5 0.23 0.18 0.18 
9.40 0.34 | 0.29 0.23 
7.36 0.020 , 0.022 0.0093 - 
9.90 | 6.0-8.2 | See 3 8 
8.88 0.39 | 0.35 °° — 0.36 
10.2 0.10 | 0.09 es 0.11 
9.90 0.10 0.09 0.15 
10.7 | 0.12 es 0.12 
10.7 st 4 ehbatee 8.8 
10.9 0.75 0.53 0.52 


d « . . « 


On the other hand, resistivities measured on control slices made on the same run 
_ but deposited on p substrates did not agree with either technique (only 10 percent 
values within +20 percent). _. | 


rr 


8-24. DIFFERENTIAL CAPACITANCE 


The electrical-evaluation techniques described above give only the average 
resistivity of the epitaxial layer. The techniques cannot, directly, give information 
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on the uniformity ofthe resistivity through the layer. Since there are several 
mechanisms whereby nonuniformity of dopant through the layer can occur, it is 
frequently necessary to characterize or profile the layer resistivity. 

Thomas et al. first described a differential-capacitance method for determining 
epitaxial dopant concentration profiles. The technique is sometimes referred to as 
the capacttance-voltage method. A diode is alloyed into the epitaxial layer, and the 
p-n junction has a built-in voltage; the carriers have diffused away from either side 
of the junction and formed a depletion region. Since the depletion region contains 
no free carriers, it behaves like an insulator with dielectric constant K. The two 
sides of the boundary layer are like parallel plates of a capacitor of area A, separa- 
tion d, capacitance C’, where 
_KA 
a 
This capacitance in a p-n junction is a function of the applied voltage (actually 
applied voltage + internal voltage), where 

qKeN p 
2(Va — Vi) 


C (8-10) 


C=A (8-11) 
where C' = measured capacitance 
A- = junction area 
q = electronic charge 
K = dielectric constant 
€é) = permittivity of free space — | 
Np = donor concentration in n-type epitaxial layer . 
V; = built-in voltage (0.5 for silicon) 
V. = applied voltage 
Substituting the required constants for silicon results in the equation 


C = na Np: "71/2 nh 
a 2.91 x 10 eeae = 7 | pf-cm 


A plot of C/A versus V, + V; results in a straight line on log-log paper, and any 
deviation from this straight-line relationship, with slope of —%, must be regarded 
as nonuniform dopant distribution. The experimental apparatus used by Kovacs 
and Epstein is shown in Fig. 8-31. These authors give a detailed procedure for the 
application of this differential-capacitance technique to silicon: The technique has 
also been used for GaAs.*8:59 - | | 

Amron® developed a slide rule to aid in the calculation of the dopant concentra- 
tion profiles of epitaxial films from the capacitance-voltage measurements. Amron®. 
also carried out a detailed error analysis of this method of characterizing epitaxial 
films and showed that voltage errors as large as 10 percent were not significant 
but that errors in capacitance and diode diameter measurements could produce 
errors as high as several hundred percent. 


8-25. MICROWAVE MEASUREMENTS 


The application of microwave techniques to the determination of epitaxial-layer 
impurity profiles is highly specialized. The same information is probably more 
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Fig. 8-31. Schematic diagram of the experimental arrangement used for measuririg junction capaci- 
tance. (After Kovacs and Epstein.*") 


readily available by other techniques. Microwave diode measurements have been 
-made on reverse-biased pt/n/nt+ material® and a resistivity profile determined. 
Lindmayer and Kutsko® made microwave measurements at 25 and 100 Ghz but 
did not feel the technique would be applicable to epitaxial layers unless they were | 
thicker than 50 uw and on low-resistivity substrates. : 


8-26. HALL AND VAN DER PAUW MEASUREMENTS 


It is trequently necessary to determine the mobility, resistivity, and carrier 
concentration of an epitaxial film. These parameters are determined by standard 
- ac or de Hall coefficient measurements on shaped samples and Van der Pauw 
measurements on unshaped samples. The theoretical considerations and calcula- 
tions are the.same as those described in Sec. 4-17. However, the experimental 


arrangement for these electrical measurements on thin epitaxial films is different’ - 


from that used on bulk samples. 

~ For Hall and Van der Pauw measurements on epitaxial films it is necessary, as it 
was with the four-point probe, to deposit the epitaxial Jayer on a control substrate 
of either high resistivity or opposite type. Patrick® has described a procedure for 
measuring resistivity and mobility of silicon epitaxial layers on a control wafer of 
opposite type. In Patrick’s procedure, a Hall spider is formed by vacuum evapora- . 
tion of aluminum through a mask onto the surface of the epitaxial film. The sample 
is etched to remove the epitaxial silicon not covered by the aluminum, and this . 
etching is continued until only the epitaxial film under the aluminum spider mask 
is left on the substrate. Concentrated HCl is used to remove the aluminum, and 
ohmic contact is made to the legs. The conventional Hall measurements are then 
performed on the sample. In the Texas Instruments laboratories, the preferred | 
procedure is to cavitron a Hall bar from the epitaxial film, as shown in Fig. 8-32. 
Hall and Van der Pauw measurements performed on control slices suffer from 
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Thickness 


Fig. 8-32. Hall bar as cavitroned from epitaxial slice and a photograph showing the leads attached 
for Hall measurements. 


the same criticisms directed at four-point-probe measurements. Patrick has some 
very sound suggestions on how to maximize accuracy and reproducibility. Frank® 
demonstrated the influence of surface damage on Van der Pauw measurements on 
epitaxial germanium films: 


8-27. INFRARED REFLECTIVITY 


Rawlins® reported an interesting application of infrared reflectivity as a medsure — 
of the resistivity of epitaxial silicon layers. This technique makes use of the fact 
_ that. the complex refractive index N of a material has two components: 


N=n-—ik (8-12) 


where n = refractive index 

_k = absorption index © 
For silicon epitaxial layers (0.1 to 100 ohm-cm), n will be constant and k extremely 
small as measured by conventional retlectivity techniques. By using attenuated 
total reflection techniques, it is possible to magnify & and to observe a variation of 
reflectivity with carrier. concentration. 

Experimentally, it is difficult to make the measurements, and the differences 
observed by Rawlins were not great. However, there exists a real need for this - 
technique since it would be possible to measure the resistivity and thickness of an 
epitaxial film simultaneously. Considerably more work is required in this area ~ 
to make the technique applicable to routine measurements. 


8-28. PHYSICAL IMPERFECTIONS 


The growth of a single-crystal, oriented epitaxial film on a substrate inevitably 
results in a film which has crystallographic imperfections. These imperfections are 
often visible to the unaided eye or can be seen microscopically. Other imperfections © 
or defects must be delineated with etches prior to visual examination. Then there 
aré those defects that can be detected only with the aid of such techniques as x-ray 
topography and electron microscopy. | | 
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The causes of these imperfections are many and varied. It is beyond the scope of 
this book to discuss in detail the preparation of epitaxial films. However, many of 
the causes of certain types of defects will be discussed with the techniques used to 
detect them. The most obvious contributing factor, and probably the most critical 
one, is the substrate surface which is the genesis of the epitaxial film, and this is the 
reason that Chap. 7 is devoted entirely to the characterization of semiconductor 
surfaces. Qne of: the most powerful techniques for the examination of these sub- 
strate surfaces ‘is x-ray topography, and this same technique is equally effective 
in the study of epitaxial films. 

The crystallographic orientation of the substrate plays a significant role in the 
ultimate perfection of the. epitaxial layer. There are two reasons for the effects of 
misorientation, and one is dependent on the other. Williams® demonstrated the 
effect of orientation on GaAs growth rate and electrical properties. Table 8-3 shows 


; Table 8-3. Effect of Growth Orientation on 
Growth Rate for Epitaxial GaAs” 


"Orientation - Growth Rate (relative) 
<100> | 1.0 
<111>A | 0.9 
<110> | 0.14 


<111>B 0,10 


this effect to be large, and ‘differences in growth rate as high as a factor of 10 can 
_beseen. Reisman and Berkenblit® used the {111} surfaces on germanium to study 
the effect of slight misorientation. There is threefold symmetry involved, and a 
misoriented (111) surface may be toward the (110) or (211) planes. These workers 
tilted the (111)-from 3 to 5° off, toward either the (110) or the (211) planes, and 
observed proncunced differences in the quality of the epitaxial film which were 
directly: attributable to the misoriented substrate. 

One of the defects observed was what Lenie® called the ‘ sapcibdee defect, 
shown schematically in Fig. 8-33. This type of defect develops at the edge of an 
epitaxial film and is a crystallographic facet growing on the edge of the wafer. 
It appears on slightly misoriented substrates where the differences in growth rate of 
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Fig. 8-33. Pisiogiagh and veneaiaiic of an sdgeledge or facet c on the Baie of an epitaxial gallium 
arsenide film. | 
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various crystallographic planes can be magnified. and result in growth on other than 
_ the desired plane. 

The second effect which can appear as a result of this simultaneous nonuniform 
growth on several crystallographic planes is the anisotropic segregation of impuri- 
ties in these areas. Anisotropic segregation in melt-grown bulk semiconductor 
crystals was discussed in Sec. 4-13, and Williams* demonstrated this same 


Table 8-4. Ratio of Carrier Concentrations on Different Orientations as a Function of Dopant®: 


nt 
Dopant 

<111>B <111>B | <1ll1>B 

<100> <111>A <110> 
None 11.0 (6) . ~ 15 (1) 28 (1) 
Zn 0.43 (7) 0.20 (1) 0.49 (2) 
Te 7.4 (8) ~20 (8) ~15 (1) 
Se GSB). A sehaerouad 4.4 (1) 

Sn 2.3 (2) | | 

S | 1.4 (2) 


t+Numbers in parentheses refer to the number of experimental runs. 


crystallographic orientation dependence on tinal epitaxial-film carrier concentration 
for gallium arsenide. Table 8-4 shows Williams’ results on a study of this orienta- 
tion effect. Carrier concentration differences as large as 28 times were observed to 
result from different growth orientations. Mendelson” made a detailed study on 
the effect of orientation on the ultimate perfection of silicon epitaxial films. | 


8-29. VISUAL CHARACTERIZATION OF SURFACE DEFECTS 


_.Many of the crystallographic defects which occur in epitaxial films can be 
characterized by visual examination using microscopy and etching techniques. 
Lenie® and Hallas et al.” have studied these defects and their causes. The nomen- 
clature for some types of defects is peculiar to each laboratory, while other types 
such as stacking faults and pyramids are common to all workers in the fleld. 
Lenie® recommended a visual inspection of the surface of the epitaxial film, 

against a dark background, under a 30-watt fluorescent light. This examination will 
show macro defects such as scratches, pits, orange peel, and pyramids. A more 
detailed examination should be carried out with an interference microscope. Under. 
the interference microscope any projections from the surface will cause interference 
fringes. By using this technique it is possible to measure the size of the defect by 
‘counting the number of fringes. Surface defects such as spikes, pits, dimples, and 
surface scratches are readily measured by this technique. 
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8-30. STACKING FAULTS. 


‘The use of stacking faults as a measure of the thickness of epitaxial films was 
discussed in Sec. 8-8. These stacking faults also serve as a measure of the overall 
perfection of the film. It has been observed experimentally that the majority of 
these stacking faults originate at the substrate interface. Further, the number of 
defects depend on the physical perfection of the substrate surface and the amount 
of contamination of the surface. Since the epitaxial film nucleates at the surface, 
this behavior would be expected. When several slightly. misoriented nucleation 
centers grow together, a stacking fault is produced and they propagate to the sur- 
face. They continue to grow in size as a direct function of film thickness. Newman,® 
in an excellent review of silicon and germanium epitaxy, reviewed stacking faults 
and their probable causes. Both oxygen and carbon contamination appear to be 
very suspect. Haneta” reported that contaminants such as water and oxygen in the 
carrier gas can reduce the number of stacking faults when introduced at the 10- 
to 1,000-ppm level. This was attributed to the etching characteristics of these two 
impurities under the conditions used to grow silicon epitaxial films. Nitrogen in this 
same concentration range was observed to increase the number of stacking faults. 
This was believed to be due to the formation of silicon nitrides in the films, which | 
acted as nucleation centers for stacking faults. | 

These stacking faults can be observed under a phase-contrast microscope, but it 
is difficult to determine the density of faults by counting under these conditions. 
As a result, the preferred technique is the procedure recommended by Lenie,® 
where the wafer is etched with a chromic-hydrofluoric acid etch to delineate the: 
imperfections. Some other etches sometimes used by other workers are shown in 
‘Table 8-5: These etch procedures tend to be destructive and therefore can be 
applied only to representative films from a larger production lot. The interpreta- 
tion of the number, size, and shape of these stacking faults is best obtained by re- 
ferring to the work of Booker,’? Mendelson,” Newman,’ and Batsford and Thomas.” 


Table 8-5. Etches Used to Delineate Stacking Faults in Epitaxial Films — 


Material Reference Etch . Composition — 
Silicon. .... ee eee 75, 6Y Sirtl 50 g CrO; in 100 ml H.O; add 75 ml HF. 
| 7 | Etch 15-30 sec. 
Silicon...6......... 76 Sailer 300 ml-HNO:;, 600 ml HF, 2 ml Br, 24 g 
: - Cu(NO;)2. Use diluted 10:1 with H,O. 
Etch 4 hr. 

Indium arsenide....} 77. HNO;-HF 3:1 HNO;-HF (vol/vol) 
Germanium........ |WAg 25 ml H.O, 10 ml HF, 15 ml HNOs, 0.2 g 
| | AgNO;. Etch 15 sec in 5 sec increments. 
Gallium arsenide...| 78 {100} GaAs 2 ml HO, 8 mg AgNOs, 1 g CrQs, and 1 
| | | ml HF, 65°C, 10 min 7 


Gallium arsenide. ...} 78 As{111} faces 2 ml H.O, 8 mg AgNO, and 1 ml HF, 65°C, 
| | | | . 10 min 
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8-31. TRIPYRAMID DEFECTS 


During the microscopic examination of an epitaxial film, a structure will appear 
that can best be described as a tripyramid or growth hillock. A photograph of such 
a tripyramid is shown in Fig. 8-34, These crystallographic imperfections are believed 
to be caused by the introduction of a few atomic layers of silicon carbide at the 
substrate interface.” Mendelson® has shown that while silicon carbide or other 
adsorbed impurities can initiate the growth of the tripyramid imperfections, these 
impurities are not unique or necessary, and he suggests a reentrant twin mecha- 
nism, shown in Fig. 8-35. The three-dimensional tripyramid-defect crystallo- 
graphic model of Miller et al.” is shown in Fig. 8-36. The model proposed by 
Inoue® is different from that of Miller et al. However, both workers agree that the 


Fig. 8-34. Microphotographs of tripyramid growth on silicon (111). (a) A typical tripyramid; (6) a 
monopyramid; (c) modified tripyramids. (Photographs courtesy of _Inoue.®) . 
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growth 


Fig. 8-35. Morphology of twinned 
nucleus for microtwin and tripyramid 
formation in epitaxial films. (from 
Mendelson.®'!) 
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Fig. 8-36. Three-dimensional schematic showing the geometry of a tripyramid. (From Muller et 
al.7) | | | 


cause of the defect is the presence of silicon carbide at the substrate-epitaxial 
Interface. — | | | 

While these tripyramids protrude from the surface of the epitaxial layer, Inoue®” 
found that Sailer etch (Table 8-5) and iodine etch were very useful in delineating 
the defects. 


8-32. ORANGE PEEL 


_ Figure 8-37 shows schematically an “orange peel’ surface on an epitaxial layer. 
This type of surface is a direct result of an “orange peel” substrate; which in turn 
is caused by improper mechanical and/or chemical polishing techniques prior to 
epitaxial-film growth. | | 


8.33, MISCELLANEOUS PHYSICAL DEFECTS 


Lenie® described a variety of other physical defects which are sometimes observed 7 
on or in epitaxial films. It is usually possible to determine, by microscopic examina- 
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Orange peel - 


Epitaxia film 


Fig. 8-37. Schematic showing “orange peel’ surface on Substrate 


an epitaxial film. 


tion, whether the defect. was propagated up through the epitaxial film or resulted 
from mishandling of the slice after growth. Defects such as scratches, voids, spikes, 
crowns, and dimples are all readily distinguished on visual inspection of the epitaxial 
layer... 


8-34. ELECTRON MICROSCOPY 


Marcus” has reviewed electron-microscope and electron-diffraction techniques as 
applied to the characterization of thin films. By combining both these electron- _ 
beam techniques, it is possible to obtain information on surface morphology, 
crystal structure, and the defect structure of epitaxial films. The electron microscope 
enables these characterizations to be performed with resolutions from 5 to 20 A. 
While scanning electron microscopy can provide pictures with excellent depth of 
field for surface-texture studies, it is capable at best of only 100 A resolution. 
Similarly, x-ray topography wields good macro surveys of defects in epitaxial films, 
but it is not capable of providing information on a micro scale. 


8-35. SURFACE MORPHOLOGY 


The morphology or texture of grown epitaxial films is frequently controlled by the 
substrate surface. The same replicating techniques described in Sec. 7-13 are 
directly applicable to the examination of thin-film surfaces by electron microscopy. 
Carbon replicas of the surface are usually “‘shadowed”’ by evaporating a very thin 
layer of a heavy metal such as palladium or platinum at an angle onto the replica. 

Reflection electron diffraction can also give valuable information on the surface 
morphology. The details of this technique are given in Sec. 7-20. if the surface of 
the epitaxial film is smooth and featureless, the diffraction pattern will show only 
strong Kikuchi lines (Iig. 8-38). If there are protrusions from the surface, a spotted. 
pattern will result. These diffraction spots occur because the electron beam interacts 
with the projections instead of simply reflecting from a perfect surface. Figure 8-39 
shows a typical spotted diffraction pattern from a semiconductor surface with 
surface projections. Charig et al.** used these techniques to study the initial mode of 
growth of silicon epitaxial films. Both techniques give only qualitative information 
on the crystallite size of the epitaxial film, and to obtain more complete information, 
it is necessary to use transmission sleeeron microscopy. 
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Fig. 8-38. Diffraction pattern ovtained by 
electron reflection from a silicon epitaxial layer; | 
showing Kikuchi lines which indicate high | 
perfection. | : 


Fig. 8-39. Refiected electron-diffraction spots 
from an epitaxial film, showing that other 
crystalline imperfections are present. 


8-36. CRYSTAL STRUCTURE AND DEFECTS 


Transmission electron microscopy is particularly well suited to the study of 
defects and microstructure of single-crystal epitaxial films. The films must be very 
thin (less than 1 yu) to allow the electron beam to be transmitted through the 
sample, and the removal of the substrate and ultimate thinning of the epitaxial 
film is an art. Finch and Queisser* prepared the thin foils of epitaxial silicon by 
chemically etching away the substrate. The silicon slice was wax mounted, with the 
epitaxial face down, onto a Teflon disk. The disk was then placed in a Teflon 
beaker tilted at 45° and rotated at 30 rpm. The rolling disk thus assured uniform 
etching in the 95:5 HNO;-HF (vol/vol) etch solution. ‘Etching was continued until 
the substrate was dissolved away and at least one hole was etched through the 
epitaxial layer. Transmission electron microscopy was carried out through the 
thin edges of these holes. Abrahams and Buiocchi® used similar techniques to 
study twins and stacking faults in epitaxial gallium arsenide. A transmission 
micrograph of a germanium epitaxial film deposited on ‘calcium fluoride is shown i in 
Fig. 8-40. 

Transmission electron microscopy allows the observation of defects that cannot 
be resolved by any other technique. This aspect, coupled with surface replica 
studies and electron-diffraction work*, makes electron microscopy one of, the more 
valuable analytical tools in epitaxial-film-growth research. 
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Fig. 8-40. Transmission alecivon micrograph of 
a germanium epitaxial film which had been 
deposited on a calcium fluoride substrate. 


8.37. DEFECTS BY X-RAY DIFFRACTION 


The diffraction of x-rays by defects in single crystals (see Chap. 6) is frequently 
applied to the analysis of epitaxial layers for physical imperfections. Schwuttke,*"* 
using the technique of Lang,®* applied x-ray diffraction microscopy to the study of 
silicon epitaxial films. The substrate was etched down as closely as possible to the 
interface without actually penetrating it. The thinned specimen was then examined 
by x-ray diffraction microscopy, as shown in Fig. 8-41. This method is based on the 
extinction contrast technique, where a defect-free specimen would yield a film of — 
uniform contrast. A sample with defects which diffract the x-rays would of course 
result in a film showing the defects. _ 

While this technique works extremely well for single-crystal materials, it is 
somewhat difficult to use for epitaxial films. The difficulty lies in the need to. 
remove the substrate to obtain good x-ray transmission. While this can be done on 
small areas of a slice, it is virtually impossible to separate the epitaxial film from 
‘the substrate over the entire slice. The scanning-reflection x-ray topography 
method developed by Howard and Dobrott**° is the best x-ray technique for 
analyzing epitaxial layers for physical or crystallographic defects. This technique 
was described in Sec. 8-14, where it was applied to compositional analysis. Since 
this is-a reflection technique, an epitaxial film can be evaluated without contribution 
from the substrate by proper choice of the diffraction plane and energy of x-radiation. 
In this way the radiation will not penetrate the epitaxial layer, and the resulting 
reflection topograph will show only imperfections from the layer. Figure 8-42 
shows the results of the application of this technique to the growth of gallium 
arsenide epitaxial films. The full potential of the reflection method becomes 
apparent when a topograph of the substrate prior to deposition can be directly 


Fig. 8-41. Schematic ‘illustrating transmission x-ray 


diffraction microscopy. [eine 


* Stationary 
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Fig. 8-42. (Top): A (440) topograph reveals 
polishing damage in a GaAs substrate slice; 
‘a region of macromisorientation (arrow) is also 
observed. (Bottom): The (242) topograph of the 
subsequently deposited GaAs epitaxial film 
exhibits numerous surface protrusions (hillocks); 


the misoriented region is. also present (arrow). 
(From Howard and Dobrott.®) 


compared with a topograph of the epitaxial film deposited on that substrate. 
Meieran” applied this reflection topographic technique to the study of gallium 
arsenide epitaxy on germanium substrates. 


8-38.. CHEMICAL IMPERFECTIONS 


- The analysis of epitaxial layers for chemical impurities is severely hampered by 
the sample size and the difficulty of separating this minute sample from a heavily 
doped substrate. A typical silicon epitaxial layer, 10 u in thickness and on a 1-in.- 
diameter slice, would be potentially a 9.3-mg sample. This total sample weight 
could never be realized since the only way to remove the epitaxial layer is by dissolu- 
tion. This etching process must be closely controlled to prevent dissolution of the 
material at the film-substrate interface. Malkova et al. circumvented this 
difficulty by depositing the germanium film on a glass substrate and then dissolving 
the germanium with aqua regia. The solution was evaporated on graphite powder, 
volatilizing the germanium as GeCl,. The graphite powder, with residual 
impurities, was analyzed by emission spectrography. They report a sensitivity 
of 50 ng for In, Ga, Bi, Sb, and As in 2- to 40-mg germanium films. While this 
approach may be satisfactory to the analyst, it is totally unacceptable to the 
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materials scientist. As discussed earlier (Sec. 8-19), there is considerable doubt that 
epitaxial films grown on coné#rol slices of opposite type are the same as those grown 
on heavily doped substrates for device fabrication. Further, epitaxial semiconductor 
films deposited on glass or other foreign substrates are not single-crystal, and | 
impurities segregate and precipitate in polycrystalline materials. This approach | 
cannot be recommended except in the most rudimentary studies. | 

Cheng and Goydish* determined Ga anu in spectrophotometrically in germanium 
thin films with a sensitivity of 3 to 5 ng/cm? by using 1-2(2-pyridylazo)-2-naphthol 
(PAN). In general, it is apparent that the dissolution of part of an epitaxial layer 
followed by conventional chemical analysis can be used only for highly specialized 
analyses. In most cases the impurities in the acids and other reagents will be 
larger than those found in the epitaxial film. | 


8-39. MASS SPECTROSCOPY 


Solids mass spectroscopy has been applied successfully to the analysis of surfaces: 
and thin films. The major difficulty with this type of analysis for epitaxial films 
is ensuring that the excitation system samples only the film. Willardson™ has 
reviewed the mass spectrographic analysis of thin films, and Table 8-6 shows a 
summary of the various excitation sources. As can be seen, spark sources are those 
most directly applicable to the analysis of epitaxial films. lon-bombardment 
sources do not possess the sensitivity, and laser sources have great potential but are 
still under development. | 

Hickam and Sweeney,” using a very small probe as a counterelectrode, manually 
scanned the surface of metals and demonstrated that it was possible to sample 
volumes as small as 25 uw in diameter and 3 » in depth. Because of the very small 
amounts of materials being sampled at each point, it was necessary to spark over 
large areas to achieve the necessary sensitivities. Hickam and Sandler developed 
the rotating sample and stationary counterelectrode system shown schematically 


in Fig. 8-43. The volumes sampled by this system were 4000 A in diameter and 


2000 A deep, with 1 to 2 u spacings between sampled volumes. The surface was 
sparked at either 0.6 or 1.2 u intervals. Roberts and Millett” used a similar tech: 
nique, but, while the disk was being rotated, the counterelectrode was moved from 
‘the edge of the silicon epitaxial layer toward the center. The speed with which the 
counterelectrode was scanned toward the center was adjusted so that, while the 
mechanism resembled a phonograph record player, a constant linear speed was 
achieved for the spiral path from the edge of the rotating slice to the center. The 
volume removed with each spark was 50 to 80 » in diameter and 20 u deep. This 
slightly excessive depth can be corrected by using the spark conditions described 
by Hickam and Sweeney.® Roberts reported sensitivities in the order of 0.01 ppm, 
which is good for semiconductor epitaxial-film analysis. 

The use of lasers as external excitation sources looks very attractive since it both 
minimizes contamination‘and allows the analysis of high-resistivity material, which 
is difficult to handle by conventional:spark-source techniques. Honig® has used a 
pulsed 1-joule laser in the spark source of a mass spectrometer but obtained huge 
craters and excessive amounts of ion current. Board and Townsend” carried out an | 


09% 


Tablé846. Sources of Ions for Anglysis of'Thin Films by Mass Spectrometry™ | 


Min. depth of | 
analysis, wu 


Max. penetration 
rate, u/sec 


Comments 


Typical energy Min: area analyzed, yu? 


a rr a pS SSSccrenccin over CSRI” neces Pssst ts i SSS 


- Spark source: a 
.Coniventional.; . , .:.'..| 20-100 kev 108 3. 108 |Not applicable to most 
— 1 Mhz RF thin-film studies 
Rotrting probe....... 20-100 kev 0.2 0.2 10° Detection limit about 
- | 1 Mhz RF 0.1% unless scanning is 
Ton-bombardment used ; 
source: a x | aoa | | 
- Ton microprobe...... 1 ma 105 10-2 0.01 Sensitivity varies widely 
| | 10 kev | | for different elements. 
Ion microscope....... 10 pa 1 10 0.01 Qualitative analysis only 
- 10 kev ane Be OU . : 
Low-voltage source. . .| 0.4 kev Large 1078 Only useful for some or- 
Laser excited source: . | | ganic films . 
Ruby laser...... ...-| 4 pulses/min 103-104 102-103 (107 Not applicable to most 
| 1 joule (10-4 sec) pulses. . — , | thin-film studies | 
He-Ne laser......... 10*-104 pulses/sec 10? 10-? 105 Scanning required for de- 
- 1-100 mjoule (2 X | tection limits below 
| 10-7 sec) pulses about 0.1% | 
CO. laser. ........-. 1-100 watts contin- 103 10° 10? Minimum area analyzed 


uous duty 


limited by relatively 
long wavelength of 


"| light used 
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Fig. 8-43. Mass spectrometer 
of the Mattauch-Herzog de- 
sign with a rotating electrode 
microprobe source. (From 
Hickam and Sandler.*) 


excellent study of the vaporization of thin metallic films with a focused laser 
beam. Their results should be directly applicable to laser excitation sources for 
_ Spark-source mass spectrometers. | 7 3 


8-40. NEUTRON ACTIVATION ANALYSIS _ 


Neutron activation analysis of epitaxial films has received very little attention. 
There are many sound reasons for this neglect, and one of the most serious arises 
from the heavily doped substrate used in device slice production. Since boron is not 
activated, heavily doped boron substrates can. be used, but then one is back to the 
now familiar problem of using different substrates or control substrates. Con- 
clusions drawn from epitaxial films grown on these control substrates are open to 
serious criticism if they are extrapolated to those produced on the production 
substrates. | | | | | _, | 
_ Abe and Sato” used neutron activation analysis to study the outdiffusion of 
arsenic from a 0.0025 ohm-cm arsenic-doped <111> substrate. They obtained 
results that suggested that the diffusion constant in epitaxial films is a complicated . 
function of position. There stil! remains considerable development work to be done 
because of the difficulties inherent in this particular application of activation 
analysis. The separation of the epitaxial film, by etching, from the heavily doped 
‘substrate without contamination of the etchant by the substrate is extremely 
tedious and very difficult. | | | 

If the deposition of a doped film on an undoped substrate or on a boron-doped 
substrate is acceptable, then the lateral distribution of dopant across the face of the 


t 
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slice can be studied by activating the slice and taking an autoradiogram of the 
epitaxial film. The amount of dopant in the epitaxial layer can be determined by 
gamma counting or gamma-ray spectroscopy, assuming no contribution from the 
stibstrate. If necessary, the epitaxial layer can be etched off-and the substrate 
€otitribution measured in the same way. 
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Diffusion. 


9-1. INTRODUCTION 


In the semiconductor industry, the controlled diffusion of impurities into the 
bulk semiconductor is one of the basic and probably most important device- 
fabrication processes in use today. The process of diffusion, when stated in its 
simplest form, is the redistribution of matter in such a way that there will be a 
decrease in the concentration gradient. During a diffusion into a semiconductor, © 
a high concentration of impurity will be presented to the semiconductor surface 
-and conditions adjusted to allow this impurity to redistribute into the ‘semi- 
conductor. The important questions that the device engineer or solid-state physicist: 
will ask are: How fast does this impurity diffuse, how does this rate of diffusion 
change with temperature, what is the shape of the diffusion profile, and is the 
impurity uniformly distributed across the face of the diffusion front? | 

The analytical chemist finds himself in the position of having to carry out at 
least the analyses of the diffused semiconductor. More often he is presented with a 
new semiconductor material, say indium arsenide, and asked to look at the diffusion 
of some impurity, say cadmium, into this semiconductor. It is essential that the 
chemist understand the basic concepts of diffusion before he can undertake such. a 
program. | 


9-2. SOLID-STATE DIFFUSION 


Generally the semiconductor material and the impurity will be heated together in 
a controlled atmosphere, either in an evacuated quartz ampule or in a flowing-gas 
open-tube system, for a given length of time. The impurity, which is at a high 
concentration at the surface, will redistribute itself into the bulk of the serai- 
conductor in a manner that is described by the diffusivity or diffusion coefficient D. 
In the simplest case, the diffusion coefficient for an impurity in any one semiconduc- 
tor material is a constant. (The units of D are always square centimeters per second.) 
This process and D are described in Fick’s first law of diffusion, where the amount 
of material diffusing through a plane per unit time is described by J, the flux. © 


265. 
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This flux across a plane can be taken to be proportional to the concentration at that 
- point in the semiconductor. This flux of impurity, J, is equal to the diffusivity of 
the impurity times the concentration gradient. The term is negative because 
_ the concentration is decreasing into the crystal. 


oN . 
J= —D ae (9-1) 
or Flux = (diffusivity) X (concentration gradient) 
where J = flux or diffusion current 


D = diffusivity or diffusion coefficient 
N = concentration of diffusing dopant 
x = distance | 
For diffusions into semiconductor materials, the concentration of diffusant is | 
generally low (as compared with metallurgical metal-metal diffusions) and the depth 
_ of the diffusion small. Under these and other ideal conditions, it can be assumed 
that D is constant, and Fick’s second law of diffusion can be derived. This second 
law simply examines the diffusion of the impurity into the semiconductor under 
other than steady-state conditions. That is, the concentration is changing with 
time. In Fig. 9-1, the rate at which an impurity is doping a given column of a 
semiconductor can be examined by looking at the flux of impurity entering one 
plane (z:) and leaving a closely adjacent plane (x2). The amount of impurity 
doping this small volume will then be the difference in fluxes (.e., flux 1 minus 
flux 2). 


Fig. 9-1. Schematic illustrating the derivation of Fick's 
second law of diffusion 
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‘Since dJ/dz is the same as the negative rate of concentration change —0N/odz, 
we arrive at Fick’s second law: 


dN 08 .0N 


Bl ee on (9-2) 
ON O-n | 
at? at “e 


This partial differential equation then describes the spatial distribution of the 
diffusing species with a diffusion coefficient D as a function of time. All diffusion 
studies are solutions of this differential equation with different boundary or experi- 
mental conditions. The reader is referred to Crank!t for a detailed mathematical 
study of the many different solutions of this partial differential equation. Runyan,? 
Boltaks,? and Shewmon‘ also have excellent descriptions of many of these solutions 
with specific examples. 

The first two solutions of Fick’s second law of diffusion that will be discussed 
here are the so-called ‘‘infinite-source’’ and “‘limited-source’’ diffusions. These two 
types of diffusion are probably the most frequently considered in diffusion studies 
but are not all-inclusive. The reader is cautioned to examine carefully the experi- 
mental evidence and to watch for diffusions with surface-rate limitations, grain 
boundary diffusions, field-aided diffusions, or other complicating factors. 


9-3. LIMITED-SOURCE DIFFUSION 


Since the basic diffusion process is a redistribution of an impurity toward decreas- _ 
ing concentration, it is important to know how much impurity is available for 
redistribution. If only a small and limited amount of impurity is presented to the 
semiconductor surface for diffusion, then the solution of the partial differential 
equation (9-3) must include this quantity of material Y. This particular diffusion 
problem has the simplest mathematical solution and is shown as 


Nes ue =e enraDt (9-4) 
yrDt 

Equation (9-4) describes the diffusion of a limited amount of impurity Q, deposited 
at time ¢ = 0 and in the plane x = 0. Figure 9-2 shows the effect of diffusion time ¢ 
on the shape of the diffusion profile. This profile is a gaussian distribution of the 
limited source Q. Since there is a fixed or limited quantity of impurity available for 
diffusion, the total area under the curve stays constant, the surface concentration No 
decreases with increased diffusion time, and the depth of penetration of the impurity 
into the semiconductor increases with the square root of time. 

An experimental evaluation of the diffusion profile of this limited-source diffusion 
can be obtained by taking the natural logarithm of Eq. (9-4). 


nNeo SS === an as * (9-5) 


tSuperscript numbers indicate References listed at the end of the chapter. 
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Fig. 9-2. Diffusion from a limited source into a semi-infinite body, illustrating the effect of diffusion 
time. 


Thus a plot of In N versus x? will yield a straight line with slope — (4Dt)—!. Since 
the time of diffusion, ¢, is always experimentally known, it is possible to calculate. 
- D from this slope. 


9-4. INFINITE-SOURCE DIFFUSION 


It is often possible to arrange the experimental conditions so that there is an 
infinite amount of impurity available for diffusion into the semiconductor. Thus 
the surface concentration No will remain constant throughout the entire diffusion. 
This infinite source can be simply the vapor of an impurity sealed in an evacuated 
ampule with the semiconductor, or in an open-tube flow system it can be a doping 
gas flowing over the surface. As diffusion proceeds, the amount of impurity diffusing 
into the bulk is replenished from the vapor, No remains constant, and its maximum 
value is controlled only by the ultimate solubility of that impurity in the semicon- — 
ductor at the temperature of. the diffusion. 
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The mathematical solution to the partial differential equation describing Fick’s 
second law of diffusion for a constant surface concentration Np is | 


2 
N (2x, t) N (1 erf 9 ee) (9 6) 

The error function erf which appears in mathematical solutions of this type of 
problem is a numerical evaluation of a very difficult integral and is available in 
tabular form.’ Noting that erf 0 = 0 and erf = 1, it can be seen that at the 
surface (x = 0) for any diffusion time ¢, N = No and the surface concentration 
remains constant. Figure 9-3 shows the effect of time on diffusion from an infinite 
source. As can be seen, the surface concentration remains constant while the depth 
of penetration increases with diffusion time. By comparing this figure with Fig. 9-2, 
the differences between the two types of diffusion become more obvious. 


9-5. VARIATION OF D WITH CONCENTRATION 


All the mathematical solutions of the differential equation describing Fick’s 
diffusion law assume a constant diffusion coefficient D at any given temperature. 
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Fig. 9-3. Diffusion from an infinite source, showing the effect of diffusion time. 
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Generally a constant D is observed for any given set of boundary conditions for the 
‘diffusion of impurities in silicon and germanium. Diffusion profiles of impurities 
into the IIJ-V intermetallic compounds, notably GaAs, have been consistently 
difficult. to interpret. It has been found that the diffusion coefficient varies with 
concentration in the crystal, which results in a diffusion coefficient for each impurity 
concentration throughout the profile. The mathematical analysis of this type of 
data is complex. ‘An example of a concentration dependent D is shown in Fig. 9-4 
for the diffusion of zinc into GaAs at 900°C.*8 As can be seen, the diffusion coefficient 
is strongly influenced by the zinc concentration. This behavior results in a diffusion 
profile that cannot be fitted by either an error function or a gaussian distribution. 
Typical diffusion profiles of this type are shown in Fig. 9-5: Notice the flat tops on 
the profiles followed by very rapid decreases in zinc concentration. Weisburg and . 
Blane? reported some success in fitting diffusion profiles of this type to a modified 
error function distribution where D was concentration-dependent. In this modifi- 
cation D was proportional to the product of the surface diffusion coefficient Dsur and 
the square of the ratio of concentration to surface concentration so that 


N \2 ; 3 | 
D — Dass 7 (9-7) 
N.= v1 — erf BI | (9-8) 
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Fig. 9-4. Analysis of concentration-dependent diffusion profiles using the Boltzmann-Matano 
method. ee Kendall.*) : 
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Fig. 9-5. Diffusion profiles of zinc in gallium arsenide at 900°C showing the effects of diffusion time. 
and zinc partial pressure. (From Kendall.®) 


This approach has received little attention for the analysis of concentration- 
dependent diffusion profiles. Matano’s method of applying Boltzmann’s" solution 
for concentration-variable diffusion coefficients has been widely used. Boltzmann 
assumed that at a given temperature the diffusion coefficient was a function of a 

_ single variable \ which was equal to x/t!/2. The solution to the differential equation 

can be shown! to simplify to 

10d | ° 


D, = ~5 36 i Ade (9-9) 


~The application of this equation to data from a diffusion profile will be discussed 
_in Sec. 9-25. | | | | 
9-6. VARIATION OF D WITH TEMPERATURE 


In all previous discussions of diffusions of impurities it has been assumed that D 
is constant. The effect of temperature on the diffusivity has been found empirically 
to be | 


D = Doexp ( = ir) (9-10) 


where FR is the gas constant, 7 is the absolute temperature, Q 1s the activation 
— energy, and Dp is sometimes called the frequency factor but is better known to the 
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Fig. 9-6. Some typical examples for impurity diffusion into semiconductors, showing the variation of 
the diffusion coefficient as a function of temperature. 


chemist as AS. This is the standard Arrhenius equation and can be solved for Do 
and Q by experimentally determining values for D at various temperatures and 
plotting In D versus 1/7. The slope of the straight line is —Q/R, and the intercept 
at /T = 0 is In Dy. Figure 9-6 shows the variation of D with temperature for 
several typical impurities in semiconductors. 

Since the diffusion coefficient varies exponentially with temperature, the need 
_ becomes apparent for the accurate experimental control of temperature., The 
diffusion furnaces used in the semiconductor industry are controlled by proportional 
controllers and have long, flat temperature zones. As a result, temperature profiles 
such as that shown in Fig. 9-7 are accepted as typical, and variations of less than 
+1°C over the length of the zone and +1°C in the zone as a function of time are 
necessary. Diffusion-furnace manufacturers”. at the time of this writing are 
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Fig. 9-7. Typical temperature profile of a diffusion furnace used in the semiconductor industry. 


claiming variations of +0.1 to 0.5°C at operating temperatures of 1000 to 1300°C. 
The experimentalist is cautioned not to overlook this important parameter in 
planning his experiment. A variation of only a few degrees from end to end of a 
sealed quartz ampule in the diffusion of impurities, in gallium arsenide, for example, 
will have a pronounced effect on the experimental results. 


9-7. VARIATION OF D WITH TIME 


Experimentally in the study of diffusions it is necessary to introduce the sample 
and the diffusant into a diffusion furnace and allow sufficient time for the sample to 
come up to temperature. Since the diffusion coefficient varies exponentially with 
temperature, the sample is being diffused with an impurity with a varying diffusion 
coefficient until constant temperature is achieved (see Fig. 9-6). A similar problem 
is observed at the end of the diffusion, when the sample is cooled. As a result, the 
time of diffusion at constant temperature should be very long when compared with 
the temperature rise and fall at the beginning and end of the diffusion run. The 
worst possible procedure would be to introduce the sample or quartz ampule into a 
cold furnace, allow the furnace to heat up, and, at the end of the diffusion : run, shut 
off the furnace and allow the sample to cool with the furnace. | 

Mathematically any variation of D with time (experimental or real time- 
dependent effects) can be handled by Fick’s second law of diffusion when a new 
time diffusion coefficient R is introduced and D is integrated over the diffusion 
time 2: 


R = [' do at (9-11) 
" 


This equation can be used to correct for the diffusion that occurs during the 
heating and cooling cycle. Shewmon? has considered this experimental problem and 
has shown that the amount of diffusion is negligible until the sample has reached 
80 percent. of the temperature at which the diffusion will be carried out. However, 
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the time required to reach thermal equilibrium over the last 20 percent of the 
temperature rise can have a significant effect on the value of the diffusion coefficient 

derived from the experiment. In the case where a large ampule is introduced into a 

‘small or underpowered furnace, the time required to reach the diffusion temperature 
will be large and will have a significant effect that: must be considered. 


9-8, EXPERIMENTAL METHODS OF EVALUATION 


A careful and complete evaluation of the diffusion of an impurity into a, semi- 
conductor involves many different characterization techniques. All techniques 
have been found to be complementary, and none are mutually exclusive. The 
method most successfully used has been. the radioactive-tracer technique. In 
this method the impurity under study is tagged with a radioactive tracer, for 
example, Zn in zinc or “Cu in copper, and the exact profile of the impurity 
distribution determined by lapping or etching techniques. The amount of radio- | 
activity in the removed lap is determined by counting techniques, and. the concen- 
tration of impurity in each lap is caleulated from the known specific activity.t 
This technique will be discussed in detail in Secs. 9-13 through 9-25. Other evalua- 
tion techniques include angle lap and stain, interferometry, and many electrical 
techniques. 

It is both important and convenient to use the electrical effects of the impurity 
in the semiconductor. If the impurity under study is of opposite conductivity 
type to that of the crystal, then an electrical junction (p-n junction) will occur when 
the number of donors equals the number of acceptors, Np = Na. For diffusions in 
semiconductors, the carrier concentration of.the host crystal is generally known or | 
can be determined from Hall measurements (Sec. 4-17). Therefore, at the p-n 
junction the concentration of diffusing impurity (NV) is equal to the carrier concen- — 
tration (no) of the host crystal. The distance between the p-n junction and the 
surface (x) can be determined by any of the techniques described below (Secs. 9-9 
and 9-10). These two values nm and x along with the diffusion time ¢ are sufficient _ 
to solve any of the equations {for example, (9-4) and (9-6)] for the diffusion coeffi- : 
cient. 


9-9. ANGLE LAP AND STAIN 


The distance of the p-n junction from the surface can be obtained by angle lapping — 
the diffused area and chemically staining the lapped junction. Table 9-1 lists some ~ 
of the stains used in the semiconductor industry to stain and delineate p-n junctions. 
The use of these stains is somewhat of an art!’ but is generally quite simple and — 
reproducible unless areas of high resistivity are encountered. 

The diffused slice of material is mounted on a lapping jig, as shown in Fig. 8-5.. 
The angle of the jig must be precisely known, and in the example shown in Fig. 9-8, 
the angle is 10.0°. The choice of this angle determines the amount that the p-n 


{Specific activity is the unit used in radiochemistry to describe the amount of inactive 
isotope associated with the radioactive isotope, e.g., atoms/cpm, ug/cpm, etc. 
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Table 9-1. Stains Used for p-n Junction Delineation 


Semiconductor. | Etch 7 Reference 
‘Silicon............-. ....|Q1%HNO;inHF = =| 16 
Gallium arsenide......... | 10% (vol) HNO; | 14 
Indium arsenide.......... 1HF:3HNO;3:2H,O | 
Germanium....:...... .. | 15HF:25HNO;3:15CH;COOH 15 


with 0.1 part bromine 


junction will be spread out. At 10° the y component in Fig. 9-8 is 5.75 times larger 
than the depth x. An angle of 3° makes it 19.1 times larger. The spread p-n junction 
_y is measured by using a microscope with a calibrated eyepiece. The actual depth x 
can then be calculated from the known angle @ of the lapping jig by x = y sin @. 
Other workers"*:“ have used optical interferometry to measure the stained depth 
of the angle-lapped p-n junction. This technique was covered in Sec. 8-7. Optical 
interferometry is generally accepted to be accurate to + one fringe, 0.2945 yu for 
sodium light. This accuracy is adequate for normal diffusion studies in semicon- 
ductors where it is possible to work with diffusion depths of 3» or greater. Since ~ 
the depth of diffusion varies with the square root of the diffusion time, the 
experimental conditions can be ontimized to obtain the desired diffusion depth. 
Junction delineation or staining is frequently accomplished by electrochemical | 
techniques. When a small ac bias is applied across either a silicon or a germanium: 
_ p-n junction in a. dilute elecurolyte, the n-type region will be preferentially etched. 
After treatment the p-type region will look rough and textured or have a dark 
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surface deposit, while the n-type region will be smooth and shiny. If the electrolyte 
‘contains some metal which can be deposited, then p-n junction decoration can 
be used. In a reverse-biased p-n junction, this results in plating on the p-type region 
because it is negative with respect to the n-type region. Plating at the p-n junction 
interface can be enhanced by making contact to the n-type region and applying a 
‘negative bias- with. respect to an external electrode, A dilute copper nitrate or _ 
sulfate solution is the most frequently used electrolyte. | 7 | 


9-10. ELECTRICAL PROBE AND RESISTIVITY : 


Since the purpose ‘of the diffusion of an impurity into a semiconductor is to 
change the conductivity, or resistivity, the electrical properties. of the diffused 
material are frequently. used to aid in determining diffusion properties. In a manner 
analogous to the angle-lap-and-stain technique, the electrical properties can be 
utilized by an angle-lap-and-probe method. The angle lapping of the diffused p-n 
junction is performed in exactly the same mannez as described in Sec. 9-9. s 

If. the diffusion depth is sufficiently deep and the angle of the lap fixture can be — 
‘ chosen to obtain a large spread of the p-n junction, then an electrical probe can be 
-used to locate the junction. This is sometimes. accomplished by probing along the - 
lapped junction with a small wire probe and watching for the type change. Because | 
of. the difficulties in ensuring ohmic contact, a wire probe can present problems 
unless the material is of very low resistivity. , 


9-11. SHEET RESISTIVITY BY FOUR-POINT PROBE. 


_ Another more useful electrical technique is to measure the sheet resistance of the 
diffused region by using a four-point probe”!-”8 (Sec: 4-16). This technique is, of 
course, useful only when a p-n junction is formed so that the diffused region will be 
_ electrically isolated from the bulk of the slice. The procedure for characteri- 
zation then consists in measuring the resistivity, removing a thin layer, and — 
remeasuring the resistivity. The difference in resistivity is related to the electrical 
_ properties of the thin layer that was removed. This lapping procedure is continued. 
with a four-point-probe resistivity measurement after each lap. It can be shown*?! 
that the reciprocal of the difference in resistivity is equal to the conductivity o | 
for the thin layer removed and that : 


¢= nen Al | - 7 (9-12) 


3 
| 


= net carrier concentration 

e = 1.60 X 10-" coul 

u = mobility — 

Al = thickness of layer removed 
Thus from the measured conductivity, and by knowing the thickness of diffused 
material removed, it is possible to calculate the net carrier concentration. The four- | 
point-probe resistivity measurements must be very accurately measured since it is 
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the difference between the two measurements that is used to calculate. the Studie 
impurity concentration. 

As pointed out earlier, these electrical techniques are very important and, when 
coupled with radioactive-tracer measurements on the removed laps, supply a wealth 
_ of information. However, electrical measurements alone can be misleading if the 
electrical properties of the impurity are not well known or if other electrically active 
impurities are present. The latter problem has plagued the semiconductor industry 
for silicon,™ germanium,” and gallium arsenide.* It is known as “thermal con- 
version”; and when it occurs, the bulk semiconductor undergoes a complete type 
change (say n to p) during the diffusion cycle. Very fast-diffusing impurities such 
as copper have been shown to cause this conversion. When thermal conversion 
oceurs, all electrical measurements are meaningless and the sample is lost. If 
radiotiacers are used, then the sample can still be profiled and a diffusion coefficient 
determined | 


9-1 Q. PROBLEMS ENCOUNTERED WITH OTHER ANALYTICAL TECHNIQUES 


Not all analytical laboratories have radioactive-tracer facilities. Other analytical 
chemical methods can be used but only with considerable difficulty. The main 
reason for these difficulties is the low level of impurity concentration diffused into 
the semiconductor coupled with shallow diffusion depths. For example, in Fig. 
9-9, a typical diffusion of phosphorus into 10 atoms/cm? boron-doped silicon, the — 
total number of phosphorus atoms in the entire diffusion is only 1 X 10% atoms or 
0.05 ug phosphorus. Table 9-2 shows the levels of phosphorus that would have to be 
determined if 10 laps of 1 » were made on a 1-cm? diffused slice of silicon. Almost 
any analytical technique would be hard pressed to analyze for these levels of 
_ phosphorus. The reagent blanks for any analytical method would make the validity 
of final results questionable. Nevertheless, emission spectroscopy has been used in a 
study of the diffusion of magnesium into gallium arsenide” (radiotracer techniques 
could not be used here because of the low specific activity and prohibitively high 
price of magnesium-28). In this work, the diffused slice was incrementally etch- 


Table 9-2. Amount of Phosphorus in increas Laps for Typical Diffusion 
Profile into Silicon (1 cm? Surface Area) 


, Avg P conc, Weight P in 


Depth, u Total P, atoms atomig/enat ino ae 
0-1 4.5 X 10" 4.5 X 10% 2.2 X 107? 
1-2 3.0 X 104 3.0 X 108 1.5 X 107 
2-3. 1.5 X 10" 1.5 10% 7.5 X 1073 
3-4 7.0 X 10 7.0 X 10% 3.5 X 1073 
4-5 2.0 X 10% 2.0 < 107 1.0 X 10-3 
5-6 6.0 X 10” 6.0 < 10 3.0 X 1074 
6-7. 1.5 X 102 1.5 X 101 7.5 X 10-5 
7-8 5.0 X 10% 5.0 X 1015 2.5 X 10-5 

1.2 X 101 6.0 X 10-6 


8-9 


1.2 * 1015 
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lapped, and the magnesium concentration in the etch was determined by emission 
spectroscopy. The sheet resistance measurements carried out at the same time 
indicated a one-to-one correlation between chemical and electrical carrier con- 
centrations. It is only under almost ideal conditions that this approach can be 
fruitful. 


9-13. RADIOCHEMICAL DIFFUSION TECHNIQUES | 


Radiochemical techniques are ideally suited td the study ef the diffusion of 
impurities into semiconductors. Reagent blanks. and sample contamination are: 
virtually nonexistent. It is also possible to choose the sensitivity-one needs in any 
particular problem by adjusting. the specific activity. In semiconductor diffusion — 
studies, it is convenient to use the units atoms/cpm for specific activity. It-is 
necessary for the radiochemist to know the lowest and highest concentration that 
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will be encountered in any diffusion problem and then to adjust the specific activity 
by adding the required amount of radioactive isotope to the inactive species. It 
is important to keep in mind that unless the radioactive isotope is supplied “‘carrier- 
free,” { there will be some inactive material associated with the radioactive species. 
In the example given in Fig. 9-9 and Table 9-2 for the diffusion of phosphorus into 
silicon, a specific activity of around 1 X 10° atoms/epm would give 20 cpm in lap 
10 and 5.4 X 10° cpm in lap 1. The presently available beta-counting equipment 
could handle these levels of activity without difficulty. 

It is also possible, and quite often preferable, to use activation analysis when 
studying the diffusion of impurities into a semiconductor, such as silicon, which will 
not produce activities that interfere in subsequent lapping and counting operations. 
The only silicon isotope that will activate is silicon-30, and it is only 3.12 percent 
of all the stable silicon isotopes with a relatively low capture cross section of 0.11 
barn. The product of the neutron irradiation Si (n,7) Si has a half-life of 2.65 hr. 
It will quickly decay to a level that will not interfere in the counting of the activated 
impurity under study. Once the neutron activation is completed, there are no 
longer any contamination problems since the impurity under study is radioactive 
and the probability of contaminating with the same radioactive species is remote. 
This: technique of activation analysis is particularly attractive to the materials 
scientist because all sample preparation can be carried out away from the radio- 
chemistry laboratory by using standard diffusion procedures with inactive materials. 
It is then possible for the analytical chemist to analyze and determine diffusion 
profiles and diffusion coefficients from samples prepared in a production area, or in.a 
solid-state physicist’s laboratory. If the alternative technique using a radioactive 
tagged impurity in the diffusion study is chosen, then it is necessary that the 
diffusion and sample handling be performed under the direction of the radiochemist 
or radiation safety officer and preferably in a controlled area such as the. radio- 
chemistry laboratory. 


9-14, EXPERIMENTAL TECHNIQUES 


There are five basic steps to be carried out in the radiotracer study of the diffusion 
of an impurity into a semiconductor: (1) semiconductor sample preparation; (2) 
the diffusion process, (3) incremental lapping of the diffused sample, (4) radio- 
chemical assay of each lap, and (5) reduction of the raw data and the determination 
of D, the diffusion coefficient. 


9-15. SEMICONDUCTOR SAMPLE PREPARATION 


The importance of the preliminary sample preparation for diffusion cannot. be 
overemphasized. The results of the entire diffusion depend on these initial steps; 
and if any errors or omissions are made, then the resulting diffusion coefficient and 
diffusion profile have little meaning. If electrical measurements are to be made 
concurrently, then every effort must be made to prevent the introduction of other 


{Carrier-free radioisotopes have no added inactive isotopic carrier and have the highest 
_ attainable specific activity. 
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impurities that will diffuse into the semiconductor along with the impurity under. 
study. In Table 9-2, it can be seen that during the last five laps of the diffusion 
profile only 0.004 ug of electrically active impurity is present. An equal amount of 
electrically active impurity of opposite type would drastically change the position 
of the electrical p-n junction. It would be very difficult to correlate radiotracer 
measurements with electrical measurements, and misleading conclusions about.the 
electrical activity of the impurity of interest would be possible. Contamination 
of the semiconductor slice by contact with etch and wash solutions is one of the 
most probable causes®-™ (Sec. 7-15). The importance of the use of very pure 
distilled or deionized water is of course obvious. Since many impurities are adsorbed 
by a Freundlich type of physical adsorption mechanism, it is imperative that 
flowing rinses -be employed. Batch rinsing techniques are not effective unless they 
~ are replaced after each rinse and a large number are used in succession. 

In principle, any size of sample can be used to study diffusions in semiconductors. 
In practice the sample can be too small or too large. If the diffused portion of the 
semiconductor is to be incrementally lapped at 1 u» intervals, then a surface area of 
1 cm? will yield a volume lap of 10-* cm’. Generally, the amount of material 
removed is determined by weighing the sample both before and after the lap. A 
10-* em? volume lap weighs 232 ug for silicon and 577 wg for indium antimonide. 
Weight changes of this size can be readily determined by using a microbalance. If 
it becomes necessary to use a smaller sample, then the weight of each lap is 
proportionately smaller, and the accuracy of the depth removed is also smaller. 
It is often necessary to use less than 1 u laps if the diffused layer is very thin. In 
this case a sample size of much less than a square centimeter does not leave much 
weight in each lap. Too large a sample (for example, a 3.8 cm slice or 11.2 cm?) 
presents difficulties in lapping, particularly mechanical lapping, leading to a 
nonplanar front. Problems encountered in lapping will be discussed later. 

The semiconductor samples used for diffusion will generally be sawed slices 
between 500 and 1,250 uw in thickness. All sawed semiconductor surfaces are 
abrasive-damaged as deep as 80 u;3! this must be removed prior to diffusion (Sec. 
7-1). Removal of work damage is accomplished by polishing with successively finer 
polishing compounds on a flat glass plate. This polishing also flattens the face of the 
slice so that subsequent lapping of 1 u increments into the diffused layer is planar. 
It has been found that in polishing, the crystal should be moved over the abrasive 
in a figure eight rather than a circular motion. If the crystal is rotated frequently 
in this fashion, the edges will not round and the slice will be polished quite flat. 

Following the finest polishing grit, it is always necessary to etch the semicon- 
ductor slice. This etch removes the final small amount of surface mechanical 
damage left by the polishing compound. The etch also removes the surface impu- 
rities and should leave a highly polished and flat, clean surface ready for diffusion. 

The flatness of the surface is usually determined by placing an optical flat on the 
polished face and looking at the optical pattern or fringes at the interface. Figure 
9-10 shows one of the fringe patterns observed. If the slice is not flat, the fringes | 
are curved. If the flat portion is not large enough for profiling, then it 1s neces- 
sary to relap and again etch the slice. . 

The etches recommended for polishing are shown i in Table 9-3. ‘Tf the wrong etch 
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Fig. 9-10. Typical fringes observed when a flat 
semiconductor is viewed through an optical flat. 
(Photograph courtesy of Crane Packing. Co.) 


is chosen, the semiconductor slice will be unevenly etched, or etch pits will develop, 
or oxides and other surface films will cover the face of the crystal. | 

Semiconductor diffusions are almost always carried out in quartz tubes. In 
the production areas, these are usually open tubes with doped gases (for example, 
PCl;, BBrs) flowing over the slices. However, in research studies of impurity 
diffusions, particularly in radioactive studies, the diffusions are carried out in 
sealed quartz ampules. Figure 9-11 shows the shape of the ampules used. The 
bulb on the end in used to hold the dopant and aids in keeping it from contacting 
the semiconductor slice during diffusion. 


Fig..9-11. Quartz ampules in preparation for vacuum sealoff prior to diffusion. , 
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The quartz ampule is cleaned prior to introducing the dopant or the semiconductor 
slice by soaking for 1 to 2 hr in 1:10 HF-H.O, rinsing well with deionized water, and 
drying by pumping a good vacuum on the tube. The outside of the tube is usually 
fired, during the pumping, with a torch to ensure that all moisture has been removed 
fron the walls of the tube. . 

When the dopant and the semiconductor slice have been introduced into the tube, 
the upper end is necked down, as shown in step 2 of Fig. 9-11, by using a hydrogen- 


Table 9-3. Etches Recommended for Polishing Semiconductor Faces to Ensure 
a Good Flat for Profiling 


Semiconductor Etch Composition 
SUICOM a, Sad ae teases Planar 15 parts HNOs, 5 parts CH;COOH, 
| | 2 parts HF 
Germanium.......... CP-4A 3 parts HF, 5 parts HNO, 3 parts 
| CH;COOH 
‘Gallium arsenide......] 0... .., | 20 parts H,SO,, 75 parts H2O, 5 parts 
| 30% H.0. 
Indium arsenide.......) 9 ...... 99.6 parts CH;0OH,0.4 parts Br. 
Indium antimonide.... CP-4A . 3 parts HF, 5 parts HNO, 3 parts 
| CH;COOH 
Gallium antimonide.... Loeatiets 1 part HF, 9 parts HNO; 
oxygen torch. if the tube Is large, it is Ulven Gasicy to introduce a scaled quartz 


bulb, as shown in step 3. The tube is then pumped down to less than 1 » of pressure 
and the tube sealed off by heating the necked-down portion in step 2, or around 
the sealed bulb of step 3. The sealed ampule is ready for insertion into the furnace 
for diffusion. 


9-16. DIFFUSION PROCESS 


In sealed-tube diffusions, it is important that there be no temperature gradients 
from one end of the tube to the other, or the dopant, or even the arsenic from a 
III-V compound semiconductor such as gallium arsenide, will move to the cool 
end of the ampule and negate the entire experiment. The ampule is introduced into 
the furnace with the dopant bulb going in last at the beginning of the diffusion and 
coming out first at the end of the diffusion. This ensures that a minimum of the 
_ dopant will condense on the semiconductor slice since the slice will always be warm- 
er than the dopant bulb. 

At the end of the diffusion time, the susie ampule is removed and usually 
air-quenched. When the ampule is broken open, the sample is etched in some etch 
that will remove any excess or condensed radioactive impurity on the surface 
(e.g., for zinc-65 in GaAs, use warm 12 AJ HCl). This etching is repeated until no 
more radioactivity can be detected in the etch solution. This etching step is 
important because the only radioactive impurity of interest is that which has 
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H . : ISB AY, | i N5Cq j A 
Fig. 9-12. Series of autoradiograms taken after Aust Cd in InAs 


diffusion, showing the types of nonuniform im- 
purity distribution that can be encountered. 


35S in GaAs ‘'87D¢ in Si 


dissolved and diffused into the semiconductor. If this etching is not carried out, 
artifically high surface concentrations No will be obtained and will complicate data 
interpretation. 


9-17. AUTORADIOGRAPHY 


Autoradiograms are always run on the diffused sample after surface cleaning 
to leok for nonuniform diffusion. Figure 9-12 shows a series of autoradiograms 
that were taken prior to lapping the diffused area. As can be seen, failure to take 
autoradiograms will always leave doubt about the uniformity of the radioactive 
impurity over the surface. This is particularly true in dealing with a new impurity 
whose diffusion characteristics are not well known. The autoradiogram will also 
aid in choosing a uniform area to be cut out of the crystal slice for use in profiling. 
In any case it is necessary to remove the edges of the slice either by scribing or 
lapping to remove the edge effect, which sometimes occurs during profiling. 
The radioactive impurity diffuses in from the edge as well as the two faces of the 
crystal, and this edge diffusion must be removed before starting to lap into the 
crystal face. Failure to remove these edges completely will cause a tailing in the 
concentration profiling, as shown in Fig. 9-13. 


9-18. DETERMINATION OF IMPURITY-CONCENTRATION DIFFUSION PROFILE 


The technique most frequently used to determine the concentration-versus-depth 
profile involves successive removal of layers. In practice, if the radioactive impurity 
under study is a gamma emitter, the layers that have been lapped away can be 
counted directly by using a sodium iodide detector. An impurity that is a pure beta 
emitter must be considered on its own merits, depending on the energy of the beta. 
For example, in a study of the diffusion of phosphorus in silicon, the only radioactive 
isotope available is 2P, which has a beta maximum energy of 1.74 Mev.. A beta with . 
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Fig. 9-13. Autoradiogram showing the heavy concentra-. 
tion at the edges of a crystal after lapping through the dif-. 
fused face. The effect of these edges on the diffusion profile — 
is to cause a long tail, as shown on the graph. 


Autoradiogram showing. 
edge 


log C 


— 0 lO 20 30 40 SO 


this energy is comparatively easy to count and will readily penetrate the small 
amounts of lapping compound used to remove the layer. As long as the standards 
are prepared in exactly the same manner, good counting accuracy is obtained. 
Isotopes such as ®8 with Lmax 0.167 Mev, “C with Emax 0.155 Mev, and “Ca with 
Emax 0.254 can be handled in the same manner but with some sacrifice in accuracy 
due to absorption of the weak beta in the lappings.. 


9-19. MECHANICAL OR HAND LAPPING 


A number of mechanical devices have been developed and used. to lap** away 
successive layers of the diffused slice. These mechanical lapping machines all. 
move the crystal slice in the same direction against the lapping pad and lapping 
compound. This causes one side of the crystal to be preferentially worn away, and 
. guecessive laps will not be planar with the face of the crystal slice. | 

The hand lapping technique used in the Texas Instruments laboratories has proved 
to be one of the most reliable abrasive methods found. In this technique, illustrated 
in Fig. 9-14, high-density alumina lapping disks that have been ground optically flat - 
are used both to lap on and to count the lappings removed. In this technique, a small 
amount of lapping compound, e.g., Linde AA, 0.05 u slurry, is placed on the optically 
flat and highly polished lapping disk. The previously prepared diffused slice, with 
edges removed, is placed face down in the lapping slurry and lapped in a figure-eight 
motion using the finger (protected with a finger cot). This figure-eight motion is 
moved around the disk, and the crystal itself is rotated frequently. This lapping is 
continued until sufficient material has been removed; usually about 1 min is 
sufficient. The crystal is lifted from the lapping plate and carefully wiped clean © 
with small pieces of tissue moistened with alcohol. These tissue wipes and the finger 
cot are carefully placed on the lappings, and the disk is carefully wrapped i in thin 
plastic film and gamma counted. 

The results of this lapping technique are recorded on the ‘diffusion profile”’ 
‘worksheet shown in Fig. 9-15. The data from this worksheet can be hand calculated 
or transferred to IBM data cards for computer reduction (Sec. 9-24). 
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Fig. 9-14. The mechanical lapping technique using optically flat alumina disks. 


9-20. ETCH LAPPING 


A second lapping technique that works better and is easier to use than abrasive | 
lapping is to etch away successive layers of the diffused slice. This technique can 
be applied only if an etch is available that will remove the entire crystal face in a 
planar manner.: Very few etches will dissolve a surface in this manner, and most 
will generally etch more at the edges than in the center of the slice. Also, unless the 
crystal is of fairly high perfection, etch pits will develop and invalidate the experi- 
ment, although proper choice of an etch can minimize this. 

In this technique, the back of the diffused slice, with edges removed, is masked 
with some etch-resistant material. Often Apiezon wax or other wax is melted onto 
the warmed slice to seal the back. Polypropylene tape has been found to seal 

effectively against many types of etches. Some etches used for this type of i incre- 
- mental lapping of diffused slices are shown in | Table 9-4. 


286 Characterization of Semiconductor Materials 


Table 9-4. Etches Used for Etch Lapping of Semiconductors in Diffusion Studies 


Semiconductor | Etch composition by volume ee a ee 
w/min 
Silicon: ..........--- ..| 15 parts HNO;, 5 partsCH; COOH, 8 
| 2 parts HF (3-day life) — 
Germanium:..........| 5 parts silicon etch, 2 parts 3.5-4.0 
CH;COOH (8-day life) | 
GaRs cinco tte eae 20 parts H.SOu,, 75 parts H.O, 5 parts 2.1. 
. 30% H.O2 (mix H.SO,, H.0; chill; 
then add HO.) 


DAs. essence! .....| CH,0H:0.1-1% Br: (vol) 0.5-2.5 


9.21. ELECTROCHEMICAL LAPPING 


Silicon can be anodically oxidized in certain electrolytes*-*” to yield a very thin 
uniform silicon dioxide layer. The forming rate of this oxide is approximately 
4A /volt. The upper voltage limit is around 500 volts, which means that the largest 
layer that can be formed or, conversely, can be removed from the silicon is in 
- the order of 2000 A. However, for quite shallow diffusions, laps on the order of 
1000 to 2000 A (0.1 to 0.2 u) are preferable, and this technique is to be preferred 
over earlier discussed methods. Unfortunately, n-type silicon is quite difficult to 
anodize because conduction in the electrode is by the limited supply of minority 
carriers, holes. Schmidt* discusses these problems in his paper (see also Sec. 10-4). 
Following the anodic formation of the silicon dioxide, the film is removed. with 
hydrofluoric acid and the solution counted. The procedure is repeated for successive 
laps until no further radioactivity is detected. The thickness of SiO, formed can be 
determined by ellipsometry (Sec. 10-15). | 


9-22. RADIOCHEMICAL COUNTING TECHNIQUES 


The quantitative evaluation of the amount of radioactive material in the bulk: 
semiconductor or incremental lap must rest upon the ingenuity of the radiochemist 
in devising effective counting systems. Counting gamma emitters really presents 
few problems as long as sufficient care is taken in preparing the standards. Such 
factors as duplication of geometric size and proximity. of sample and standard are 
important. Problems with signal to background or interference from other radio- . 
active species present can often be circumvented by simply moving the zero base 
line of the counting system. For example, sodium-24 can be readily counted in the 
presence of silicon-31 and other activities normally encountered in neutron activa- 
tion of ultrapure silicon such as copper-64 and gold-198. This is accomplished by 
moving the zero base line up to 1.30 Mev, which excludes all gamma radiation with 
energy less than 1.30 Mev but includes both sodium photopeaks, 1.86 and 2.75 
Mev, where most of the sodium-24 activity is located. The background is always 
considerably lower when the base line is raised, which of course shows up as better 
signal to noise (generally evaluated as S?/N) and, usually, lower detection limits. . 
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Counting through single-channel pulse-height analyzers can be equally effective. 

The semiconductor samples and the incremental laps which are normally counted 
are comparatively thin. As a result, gamma counting virtually eliminates the 
sample self-absorption problem which is always of concern in beta counting. 

In neutron activation analysis of the diffused semiconductor slice it is indeed very 
infrequent that the only activity produced is the one of interest. Some commonly 
encountered -isotopes include gold-198, copper-64, and sodium-24. If the sample 
were deliberately doped before diffusion, then dopants such as arsenic-76, antimony- 
124, and gallium-72 would complicate straightforward gamma counting. When 
other extraneous activities are present, it 1s necessary to use gamma-ray spectros- 
copy to assay the sample. The interpretation of a complex gamma spectrum to 
obtain quantitative results is difficult. A computer program developed by Helmer 
et al. has proved to be very useful in the reduction of complex gamma spectra 
obtained during neutron activation analysis of silicon samples. This program is a 
linear least-squares analysis and, on the assumption that all components of the 
spectra are known, minimizes the sum of the residuals in the gamma spectra (Sec. 
5-5). 

Often the diffusant under study does not have a radioactive isotope that is 
amenable to gamma counting. Either it is a pure beta emitter, e.g., phosphorus-32, 
sulfur-35, or nickel-63, or the gamma yield from the decay scheme is very low, e.g., 
cadmium-115”. Each beta-counting problem must be handled separately on its own 
merits. 3 ; 

The direct measurement of the beta activity from. the sample would at first 
appear to be a questionable technique. There are three complicating factors. The 
first two are basic to beta counting and assume that the impurity is uniformly 
distributed into the bulk (which is, of course, not true in a diffused sample). 
Firstly, unlike alpha and gamma emission from radioactive nuclei, the energy 
distribution or spectrum for beta emitters is a continuum ranging from zero energy 
up. to a maximum value which is characteristic of that nuclear species. Secondly, 
beta particles are so light that they are easily deflected as they traverse a thickness 
of the sample. This absorption is represented by the exponential 


I = Iye-"* (9-13) 


where J = intensity of radiation transmitted 

I) = intensity with no absorption 

x = thickness traversed 

uw = linear absorption coefficient 
Each beta particle will have a discrete energy from the continuum and will have 
its own linear absorption coefficient. It will be absorbed differently, and the amount 
of absorption will depend upon the depth z in the sample at which it originated. All 
diffused samples will have the radioactive beta emitter distributed into the sample 
according to a gaussian or erfe distribution. Both of the above effects will be 
combined with the effect due-to the diffused-impurity distribution profile, and the 
direct beta counting of the sample will be complicated. 

If the depth of diffusion of the impurity is shallow, and this is most often the case 

with semiconductor diffusions, then it is possible to count the sample directly. In 
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this method, the sample is counted after each successive lap, and the difference 
between two consecutive laps is assumed to have been the activity in the earlier lap. 
This technique works well, provided the difference in counts between the two laps is 
greater than the expected two-sigma variation of the total number of accumulated 
counts in each lap. The validity of this approach was verified in the Texas Instru- 
ments laboratories when it was shown that the distribution profiles of sulfur diffused — 
into gallium arsenide obtained by beta counting the sample as described above and 
by precipitation.and counting the sulfur-35 in the etch lap were the same. 

The real criterion that determines whether this beta-counting technique can be 
used for any given beta emitter is the depth of the diffusion. A good rule of thumb 
that can be used is one-half the range of the beta in the semiconductor material. 
This rough measure should not be applied rigorously, but it does serve as a useful 
guide. | 


9-23. ANALYSIS OF EXPERIMENTAL RESULTS 


At the end of the experimental portion of the study of a diffusion of an impurity 
into a semiconductor, the investigator finds himself faced with a mass of data that - 
must be reduced to some meaningful form. Usually, a number of diffusion experi- 
ments have been run since it requires very little more effort to diffuse and lap four 
samples than one because of delays in counting and weighing; one operation can be 
performed while the other is waiting. 

Where there are large amounts of data to be processed, the use of a computer will 
give faster, more accurate results and cost less than hand calculation by a tech- 
nician. The amount of computer time used is minimal, probably in the order of 1 
sec, with the rest of the time used for reading in the data cards and printing out the 
results. A typical total time for four samples would be in the order of 30 to 40 sec. 
and would cost from $2 to $3, depending on the type of computer used. 

The computer programs used in the diffusion studies in Texas Instruments labora- 
tories are designed to be used sequentially. The first program, designated L002, is 
a general data-calculation program that reduces the experimental data to a form that 
can be analyzed by the chemist for subsequent data processing. It also punches 
out the results on IBM cards for use in subsequent computer proeuens at the’ 
same time that it prints the results. 


9-24. DATA REDUCTION 


The experimental data from the ‘diffusion profile” sheet (Fig. 9-15) are transferred — 
to an IBM data sheet and punched onto IBM punched cards. These cards are then 
arranged or stacked in order and placed with the program deck in the computer. 
The flowchart for this first computer program L002 is shown in Fig. 9-16. The 
form of the output from the computer is shown in Fig. 9-17, and, as can be seen, 
there are several, ways of manipulating the data to aid in the subsequent analysis. 
The program estimates the surface concentration Cy by a least-squares fitting of the . 
data points and extrapolation back to zero depth. The concentration for each . 
incremental lap is calculated, and the depth for that concentration is calculated 
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‘OVFFUSION PROFILE - 


BKGR WEIGHT ATOMS DECAY 


Fig. 9-15. Worksheet used for diffusion studies. 


as the average depth for that lap. For example, if lap 3 had removed 1.00 u from a 
depth of 3.00 to 2.00 u, the concentration for that lap would be calculated at 2.50 yu. 
The datum of most interest is, of course, C(XAV), the concentration at X(AVE), 
the average depth for each lap. The counting statistics are evaluated as FY, which 
states that there are 90 chances out of 100 that the error of the concentration, C(X), 
corrected for background is less than X.X percent. The remaining columns of data 
are used to decide what type of distribution or diffusion profile.is being analyzed; 
they are discussed in Sec. 9-25. 


9-25. DATA ANALYSIS 


The data from the first computer program, described in Sec. 9-24, must i 
evaluated to determine whether the distribution of diffusing impurity is gaussian or 
error function and whether the diffusion coefficient is concentration-dependent. It 
is necessary to determine whether the diffusion profile is made up of more than one 

diffusing species, say a fast and a slow component, that might cause overlapping 
error-function profiles. The computer output, shown in Fig. 9-17, has been designed 
to aid in this evaluation by providing calculated values of certain diffusion results. 

If, in the experiment, the amount of dopant or radioactive impurity available for 
diffusion into the semiconductor were small, or somehow limited, then a gaussian 
distribution (Sec. 9-3) should be suspected. When this is the case, a plot of the 
log of the concentration CXAV against the square of the distance into the crystal, 
X(AVE)**2, should give a straight line. Equations (9-14) and (9-15) are the 
- exponential and natural logarithms of Eq. (9-4) and show why a straight-line 
relationship applies. The slope of the straight line is (—0. 4343/4Dt), and the 


intercept is log Q/\rDt. 
; 2 
log N w,1) = log om — 2 log e (9-14) 


log Nw,» = log 5 veaee x (9-15) 


TDi. 4Dt 


Figure 9-18 shows an example of the results obtained for a gaussian and an error- 
function distribution for such a plot. Both diffusions have the same diffusion © 
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Flow diagram for the LOO2 computer program used for bulk data handling in diffusion 


studies using radiotracers. 


Fig. 9-16. 
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LAP x C(x) 
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4 1.2560F-03 20474FE 13 
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Fig. 9-17. 
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Fig. 9-18. A plot of average concentration versus the square of the diffusion depth, showing the 
difference between an error function and a gaussian distribution. 
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Flow diagram for the LO22 computer. program used for fitting: diffusion data from a 


limited-source diffusion to a gaussian distribution and determining the diffusion coefficient. 


TEST «# 0. 


Fig. 9-19. 
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L022 DIFFUSION 


IN GALLIUM ARSENIDE, LIMITED SOURCE 


PROGRAM TEST GAUSSIAN 


SA(AT/CPM) = 1.Q00000CE 10 DEN(MG/CM3) = 2.3000000E 03 T(SEC) = 21.0000000E 04 
COUAT/CM3) = 5-6477924E 17 DICM2/SEC) = 9.9791300E-13 
LAP XC AVE) C(x) C(X) ERR FY 
NO. CM ATOMS /CM3 CALC cPc) (PC) 
i 5 -000000E-05 5e320000E 17 5-304917E 17 0.284 1.00 
2 1 .000000E-04 4-39000CE 17 42396206E 17 0.141 1.00 
3 2-000000E-04 2-O070CQ0E 17 2-073366E 17 0.162 1.00 
& 3-000000E-04 5e64000CE 16 52 9247TB4E 16 4.926 1.00 
5 4 ~000000E-04 1.030000E 16 1.025812E 16 0.407 1.00 
6 5 -000000E~04 1-O090000E 15 1.076122E 15 1.00 


MoE.(PER CENT) = 1.20C4177E 00 


Fig. 9-20. Computer output for the best computer fit to the experimental data along with the cal- : 
culated diffusion coefficient. 


coefficient D and were diffused for the same time t. Only the gaussian distribution 
yields a straight line. 

When a straight-line relationship is observed, then the concentration and depth 
data on the punched cards from the L002 computer program are assembled for the 
L022 or gaussian computer program. The flow diagram for this program is shown in 
Vig. 9-19. In the program the data are fitted to Eq. (9-15) after weighting each 
concentration point by the factor FY, which in turn is based on the counting 
_ . statistics for that point. A least-squares subroutine is used to analyze the data. 

~ The output from the computer program is shown in Fig. 9-20 and includes the best - 

value for D and calculated values of concentration for that D at each depth. The 
difference between the computer-calculated concentrations for that D and the 
experimental concentration at each depth is a measure of the accuracy of the curve 
fitting and the resulting D value. 

Tf the plot of log concentration versus the square of the distance into the eee 
is not a straight line, a limited-source diffusion or gaussian distribution can be 
- eliminated, and error-function distributions must be considered. To further confirm 

this decision and also to determine whether the diffusion coefficient is concentration- 
dependent (Sec. 9-5), Hall’s® method of analysis is applied. From. the infinite- 
source solution of Fick’s second law of diffusion [Eq. (9-6)], it can be shown that 


N x. 
es ee ee 1 
No wDt (9-16) 
N 
 emendiiiiliemmenseme! ons =|: Ae 
50(2 xr) ait + erf ; =) (9 7) ; 


and if D is not. concentration-dependent (i.e., mathematically is a constant), 
then this is a linear equation. When plotted on probability paper where P = | 
50(2—N/N>) is plotted versus \ = x/¥i, astraigh: line should be obtained with slope 

1/VD. The two value. P and ) are available from the output of the first computer 
‘program L002 (Sec. 9-24, Fig. 9-17). If the diffusion coefficient is not concentration- 
dependent, the straight line should intersect at the origin at P = 50. Figure 9-21 
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Diffusion time t=!0° sec 
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Fig. 9-21. Probability plot of P versus \ to determine whether the diffusion under study is concentra- 
tion-dependent. 


_shows the results obtained by plotting a, gaussian and an error-function distribution 
in this manner. As can be seen, the error-function distribution gives a good straight- 
line fit which intercepts at P = 50. | 

The D value for the error-function diffusion under study can be obtained from the 
slope of this straight line. However, a computer program L021 has been developed 
in the Texas Instruments laboratories to carry out an error-function distribution 
analysis of a set of diffusion data. This program is analogous to that shown in Fig. 
9-19 except that the data are fitted to an error function [Eq. (9-6)] after all the con- 
centration data points are weighted by the counting statistics FY. This FY value 
ensures that any data that were collected near the end of the diffusion tail, where 
very little radioactivity remains, will not adversely affect the least-squares fitting 
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LOZ], DIFFUSICN IN GALLIUM ARSENIDE 


PROGRAM TEST ERROR FUNCTION 


SACAT/CPM) = 1-0CQOO0ICCE 1C DEN(MG/CM3) = 2.3000000E 03 TCSEC) = 1.0000000E 04 
COCAT/CM3) = 1L1.0009C7SE lo DICM2/SEC) = 9.9881908E-13 
LAP XC AVE) C(x) Ctx) ERR FY 
NO. cM ATCMS/CM3 CALC (PC) (PC) 
1 1.QCOCCCE-C4 4.790CO0F 17 4.-7196756E 17 0-141 1.00 
3 3.-COO00C CE-04 3.39CCCCE 16 3.382024E 16 0.236 1.00 
4 4. COO00CE-04 4.68CCOCE 15 4.657590E 15 0-480 1.00 
5 5 -COU0CCE-04 4.CTLOCCE 14 4.041121E 14 0-712 ~ 1.00 
6 6-000CO0E-C4 2-210CO00E 13 2.186475E 13 1.070 1.00 
MeEw(PER CENT) =. 4.60€5205E-01 


Fig. 9-22. Computer output for the analysis of experimental data based on an error-function distri- 
bution. 


program. The form of the output of the program is shown in Fig. 9-22. In the ex- 
amples used in Figs. 9-20 and 9-22, it can be seen that both have the same diffusion 
coefficient (1 X 10-" cm?/sec) and diffusion time (1 X 10° sec). The differende in 
surface concentration N» and the profile graphically illustrates the sharp differences. 
resulting from different diffusion processes. 

If a straight-line relationship was not obtained in either the log versus x? (gaussi an) 
or the P versus \ (probability) plots, it must be assumed that a more complicated 
relationship exists. Generally, the P versus \ plot will show a curved line, which 
‘indicates a concentration-dependent D. In this case it is necessary to carry out a . 
Boltzmann-Matano analysis of the data. 

A computer program developed by Hartley and Hubbard” ; is used in the Texas 
Instruments laboratories to carry out this analysis. In this computer program, Eq. 
(9-9) is solved for D as a function of distance x into the crystal. This is accomplished 
by using the experimental data, concentration and distance x to construct a 
concentration-penetration curve using either a first-, second-, or third-degree 
least-squares polynomial on a plot of Z versus x. The value of Z is determined by 
normalizing the concentrations and utilizing an error-function relationship. The 
Matano interface must be found to complete the mathematical solution. The 
Matano interface is that distance x into the crystal chosen so that area A and area B 
in Fig. 9-23 are equal. The distance axis is shifted so that x, = 0. Then at each 


i 


Fig. 9-23. Diffusion profile showing how the Matano interface 
Im is determined. 


Matano 
interface 


Concentration 


Distance into crystal 
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Fig. 9-24. Boltzmann-Matano analysis of data from the diffusion of zinc into gallium arsenide for 


100 hr at 700°C. 


distance x, which corresponds to a concentration, the slope of the curve is calculated. 
The slope of the curve is, of course, @x/dc. The diffusion coefficient at that point is 
the product of 1/2t, dx/dc, and the area A* [Eq. (9-18)]. The area A* is the area 
in that segment of the diffusion out to the point z. oo 7 | 


D= -h% [ 2ac 7 (9-18) 


diffusion time, sec 
slope, cm*/wt 
A* = area = { x dc, wt/cm? : 

The output of reduced data from the Boltzmann-Matano computer program is of 
course in a different form from that of the previously discussed computer pro- 
grams. In this case a diffusion coefficient is calculated for each concentration. The 
data are usually plotted as shown in Fig. 9-24 with D, versus N. The data shown 
here are for a diffusion of zinc, using ®Zn, into gallium arsenide. 

There are, of course, other solutions to Fick’s second law of diffusion, depending | 
on the mathematical boundary conditions. The analyst is cautioned to examine the 
data carefully in order to ensure that the correct mathematical solution is used to 

match the experimental diffusion conditions. 


where ¢ 
dx/dc 
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10 
Characterization of Thin Films 


10-1. INTRODUCTION 


The thin films discussed in this chapter are the insulating films which have 
revolutionized semiconductor-device technology. Thése films are the backbone of 
the “planar” process, which in turn is the technology which has made integrated 
circuits and large-scale integration possible. For all intents and purposes the film 
under consideration is silicon dioxide on silicon. However, thin-film technology is 
moving rapidly, and silicon dioxide now can be used on germanium, gallium arsenide, 
or any other semiconductor. Other insulating films such as silicon nitride, aluminum. 
oxide, and titanium dioxide are used in some device areas and will be discussed in. 
lesser detail. However, these last-mentioned insulating films are growing in 
importance and will present many challenging characterization problems. ig 

In order to appreciate the importance of these insulating films and the role of the 
analyst in characterizing them for both chemical and physical imperfections, 
several examples of how these films are used on devices will be given. The process 
taken as a whole may look very complicated to the reader, but in fact each step is 
quite simple. However, there are many steps in the fabrication of a device or an 
integrated circuit. Basically, the process involves growing a thin oxide film, cutting 
holes in the oxide, and diffusing through these holes. New oxide is grown, new holes 
are cut, and new areas diffused. This process is continued until the integrated circuit 
or discrete device is completed. Figure 10-1 shows a typical process starting with a 
p-type silicon slice that will have an n-type epitaxial layer deposited on it. A 1000 to 
2000 A silicon oxide layer is grown on the surface, and holes or channels are cut in 
the oxide to allow an impurity to be diffused into selected areas. After epitaxial film 
growth; a p-type impurity such as boron is diffused, creating isolated islands of 
n-type material.. These islands are isolated physically and electrically and are 
used to build transistors, diodes, resistors, and capacitors. After the p isolation 
diffusion, more oxide is grown, more holes cut, and another diffusion carried out. 
This process is continued until, as shown in the last step of Fig. 10-1, all the devices 
_ are complete. At this point, still more oxide is grown to provide surface passiva- 
tion and protection. The oxide also supports the metallized leads which are used to 
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Silicon oxide 
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p-type substrate fs 
DUF diffusion | 
ZIZZO : (b) nt diffusion 


for transistor 
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epitaxial layer 
grown and 
Surface - 
oxidized 


(d) . p-type 
- isolation 
diffusion 


A. (e) p-type: 
diffusion for 
transistor base, 
resistor, diode 
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‘capacitor 


(f) n-type 
diffusion for 
transistor emitter, 
diode cathode, 
and COPA CH OF 


‘Gt Shas SOMMEEE 1 a7 7 ZA 2 (g) Contact and 
CE J 3 PE : 2 interconnection ° 
metallization 


Fig. 10-1. Schematic showing how a wafer is processed in integrated-circuit production. 


‘Interconnect fis circuit. Electrical contact is made through small holes that are 
etched into this last oxide. 

‘From the above it can be seen that. the oxide film must be of high physical 
perfection i in order to provide a good diffusion barrier for each step of the fabrication. 
process. It must be a. highly uniform amorphous film to allow etching of very small 
(1 mil) holes and channels. The film must. be both physically perfect. and chemically 
pure to provide good surface passivation and electrical isolation. In the case of the 
capacitor, and more particularly in the discrete field-effect transistor, the chemical 
purity of the oxide is of prime importance because the oxide becomes an active 
part of the device. In these latter devices a potential is applied across the oxide 
from a top metal electrode to an underlying semiconductor. Any mobile impurities 
in the oxide will of course move and cause device instability. - 

_ The importance of the chemical and physical integrity of these insulating films 
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| EC. 
Integrated orapw component 


. AC 
Integrated circuit 


| i) | Device 


Fi: 10-2. Piictosrabhe comparing ihe sizes of a slice. as used ici an IEC device, one integrated 
circuit on that.slice, and one transistor in that integrated circuit. : 


over - the entire slice is shown in Fig. 10-2. The top picture shows a typicai 2-in. 
silicon slice which can have as many as 300 to 400 integrated circuits. These circuits — 
can be directly interconnected on the slice, and this is the so-called “LSI” or 
“large scale integration” device. The circuit can be scribed apart as shown in the 
second picture, and each integrated circuit can have 80 to 100 discrete devices on a 
40 X 40 mil chip, The last picture shows a transistor from the above integrated 
circuit which illustrates the minute sizes of the individual elements of the transistor. 
The oxide or insulating film provides the groundwork for the formation of each 
part of each device on each integrated circuit over the entire slice. The chemist 
must analyze these insulating films for both chemical and physical imperfections 
and transmit. the results to the engineer or scientist in a form that will result in 
improved films. 


10-2. FILM FORMATION 


Since silicon is the most widely used semiconductor, it is perhaps not surprising 
that the silicon dioxide films on silicon have received the most attention. All silicon 
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Fig. 10-3. . Schematic showing a thermal oxidation system for silicon. 


has a native oxide of 10 to 50 A in thickness on its surface. In device fabrication it is 
only necessary to continue this natural growth of oxide to the desired thickness 
(1000 to 10,000 A). This is most readily accomplished by thermal oxidation. 

-* Other semiconductors such as germanium or the III-V intermetallics do not have 
native insulating oxides that are usable for these device applications. As a result, 
it has been necessary to develop methods of depositing SiO. or other insulating 
films on these semiconductors to aid in device fabrication. Chemical deposition 
from. a flowing-gas system has. become the preferred technique. | 


10-3.. THERMAL GROWTH 


The thermal growth of silicon dioxide on silicon can be carried out in a closed 
‘pressure system or a flowing-gas system. In the closed-tube or high-pressure bomb 
system, the silicon slices are sealed i in a bomb made of some inert material with 
sufficient high-purity water to achieve the desired pressures. The growth of silicon 
dioxide films in high-pressure steam is linear with time and directly proportional to 
the pressure. Typical conditions are 59 atm pressure at 650°C for 1 to 2 hr. 
~The open-tube techniques are the only oxide growth techniques now in use for 

high-volume routine production. Experimentally, the growth procedure is relatively 
- simple. The silicon slices are stacked vertically in quartz holders and inserted in a 
_ tube furnace, as’shown in Fig. 10-3. The film growth is then carried out by passing 
. either dry oxygen, wet oxygen, or steam through the tube furnace. Typical a 
tion conditions and oxide growth rates are shown in Fig. 10-4. 

The final properties-of the. oxide films are related to the growth conditions since 
different growth mechanisms are operative in the dry oxygen and steam techniques. 
- Considerable work has been reported on the growth rate and growth mechanisms 
for these thermally grown oxide films.!-”t In general, it is agreed that a mobile 
oxygen species diffuses through the oxide film to the silicon-oxide interface, where 
it reacts to form new SiO». In this way the film continues to grow by moving away 
from the silicon with the new oxide at the interface and the first grown oxide on the 
outer surface. There is strong evidence that in wet oxygen or steam the diffusing 
species is undissociated water and in dry. oxygen it is the oxide ion (O27) 

Deal! compared the properties of the oxides formed by the three thermal proc- 


+Superscript numbers indicate References listed at the end of the chapter. 


“esses. Table 10-1 lists some of the properties. 
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Fig. 10-4. Oxide thickness 
as a function of growth time 
and temperature for (111) 
oriented silicon surfaces. (a) 
dry oxygen; (b) steam. (From 


. Evitts, Cooper, and Flaschen.*) 


Other properties such as refractive 


index, infrared absorption, and etch rate would also be affected. 


10-4.” ANODIC GROWTH 


~ While the thermal growth of Sees is the: principal production method deed in all 


silicon-device fabrication, certain specialized silicon devices utilize electrolytically 
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Table 10-1. Effect of Mode of Oxide Film Growth on Density and Dielectric 


Strength! . 
Temperature, " Dielectric 

Growth mode °C Density, g/cm strength: volte /a 
Dry oxygen...... 1000 2.27 565 
| | 1200 2.15 | 520 
Wet oxygen...... 1000 2.18 530 
1200 2.21 540 
Steam........... 1000 2.08 490 
1200 2.05 485. 


grown oxide. Schmidt and Michel’ published the first comprehensive study on the 
anodic formation of oxide films on silicon. The anodization was carried out in 
N-methylacetamide made 0.04 N in potassium nitrate. As in the case of all anodi- 
cally grown oxides,® the ultimate thickness was shown to be linearly related to the 
forming voltage with a thickness increment of 3.8 A/ volt. The maximum. thickness 
that could be grown was limited by the voltage at which breakdown occurred and 
was 560 volts or about 2100 A. Duffek et al. reported the use of ethylene glycol 
solutions as electrolytes for the anodic erowth of silicon dioxide. 
_ The mechanism of anodic growth of silicon dioxide is interesting because the oxide 
is continually turning inside out with the mobile species silicon diffusing through to 
the outer oxide surface to react and form new SiO,. The. electrode reactions 
have been studied!! and the excess oxygen content of the oxide shown to be a 
function of the water content of the electrolyte. This is important to-the materials | 
scientist because it affects the ultimate properties of the film. | 
Doped oxides have been grown anodically,”* and Schmidt and Wonsidler¥ | 
have reported a technique for anodically converting silicon nitride films to silicon 
dioxide. Since silicon dioxide is readily soluble in dilute HF, this provides a method. 
for opening windows in silicon nitride films for device fabrication. | 


10-5. CHEMICAL DEPOSITION 


As mentioned earlier, the growth of thick (>2000 A) films of oxide on silicon is 
easily accomplished by thermal oxidation. Other semiconductors, such as ger- 
manium' and the III-V intermetallics, that need a thin dielectric film for device 
fabrication must utilize chemically deposited films. The deposition of silicon dioxide. 
has received considerable attention! because it has been well characterized on 
silicon. Subsequent developments have seen the application of silicon nitride and 
aluminum oxide films. The method used to deposit these films chemically must be 
known by the analyst since it will ultimately affect both the chemical and the 
physical imperfections in the film. The general technique of chemical deposition 
has the advantages that relatively low substrate temperatures can be employed 
(400 to 800°C) and, since all reactants are transported in the vapor form, films of 
higher purity are easily attained. The films are deposited on the heated substrates _ 
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Fig. 10-5. Schematic showing apparatus 
used for pyrelytic deposition of silicon 
dioxide. Only the silicon slices are heated 
Silicon slices by the induction heater. | 
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as amorphous films by using a gas-flow-reaction apparatus much like that shown 
in Fig. 10-5. Carrier gases and reactants flow down the tube to the heated substrate © 
and react heterogeneously to deposit a dense amorphous adherent dielectric film. 


10-6. SILICON DIOXIDE FILMS 


Silicon dioxide can be deposited either by hydrolysis of a silicon halide or by 
pyrolysis of an alkoxysilane. The hydrolysis of a silicon halide is particularly well 
suited to incorporation into epitaxial systems where silicon halides are already being 
transported. The general chemical reaction involved is 


SiX,(g) + 2H,O(g) — SiOo(s) + 4HX(g) (10-1) 


The basic problem is to mix the easily hydrolyzed silicon halide with water vapor 
and at the same time allow the reaction to proceed only at the heated substrate. 
This problem has been circumvented by substituting a carbon dioxide—hydrogen 
‘mixture from which water is produced in situ at temperatures in excess of 400°C by 
the following reaction: | 


H2(g) + CO.(g) > H:0() + COG) (10-2) 


- As a result, water vapor is produced only at the heated substrate in the reaction 
tube, and SiO, is deposited only in that area. Steinmaier and Bloem” first reported 
the CO.—Hz process, and it has been widely used for deposition on silicon!” and 
germanium. 

The deposition rates for the CO.-H, process are about the same as the: thermal- 
growth processes. The oxides usually contain from 0.5% chlorine to 2% bromine, 
_ depending on the deposition conditions. Rand” developed a nitric oxide process 
where the NO reacts with the hydrogen, producing water in the reaction zone 
(800 to‘1200°C), which in turn reacts with the silicon tetrahalide. 


-2NOGQ) + 2H2(g) > Nog) + 2H20G) (10-3) 
2H.O(g) + SiX,(g) — SiOe(s) + 4HX(g) (10-4) 


The deposition rates are three to five times faster than the CO.-H: or thermal 
process. Chu and Gruber” used HF as the transport agent in a closed-tube system 
to deposit SiO. on silicon, germanium, and gallium arsenide. In this reaction, 
shown in Eq. (10-5), 


SiF.(g) + 2H,0(g) = 4HF(@) + Si02(e) (10-5) 


heat forces the reaction to the right, causing SiO. deposition, while low temperatures 
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favor the formation of SiF4, thereby enabling transport to the reaction region. These 
films contain about 1% fluorine and have a somewhat higher dissolution rate than 
other oxide films. 

Silica films are also deposited by the pyrolysis of alkoxysilanes in a gas ieee system. 
The organosilanes that have received the most attention are tetraethoxysilane, 
Si(OC2Hs)4, and ethyltriethoxysilane, (C2Hs)Si(OC,Hs)3. Klerer’s® excellent work 
on the mechanism of deposition of SiO. by pyrolytic decomposition points out’ that 
there are two types of film which can be deposited. In the 600 +o 850°C range, 
radicals are formed such as R,Si and R;Si-O which bond to che surface either at 
metal or oxygen atom sites. The organic part of this radical thermally cracks, and 
the process continues. Above 850°C the films were cloudy and probably contained 
carbon. No film deposition was obtained in the 250 to 500°C range. Film deposi- 
tion was obtained on 95 to 250° substrates placed downstream from the 725°C 
cracking zone. These films were shown to be organic polymers of silicon. These 
organosilanes can be cracked and SiO, deposited at lower substrate temperatures 
by glow discharge” or RF discharge* in a reaction chamber. Chu and Klerer?! 
have compared the propérties of the various types of oxide films. These comparisons 
are summarized in Table 10-2. 


: Table 10-2. Prope.ties of Silica Films Grown by Various Techniques 


] : ; | 
Substrate Density, Refractive Etch rate in 


TVCAC MON: . temperature, °C g/cm? index 1.8 M HF, A/see 
Steam oxidation. ete! 2.32 1.475 3.7 
Thermal (dry 0,). eed 2.23 in 1.450 3.3 
Anodic.......... 25 ——-1.80 1.362 360 
SiCl,(H2-CO,).... 1220 2.31 1.46 7.0 
SiF, transport... . 500 2.23 1.45 6.7 
Pyrolysis 3 : 
 CHSi(OC2Hs)s 825 2.14 1.43 12 
Pyrolysis — | | , 

C.H;S8i(OC2Hs) 90-150 1.63 1 43 550 


10-7. SILICON NITRIDE FILMS 


Silicon dioxide, while used almost exelusively throughout the semiconductor 
industry, has many disadvantages when used in device fabrication for surface 
passivation. Silica films do not mask against the diffusion of many elements such 
as gallium and zinc. Water is strongly adsorbed and has a high mobility through 
silicon films. Sodium ion has been shown to be mobile in silica films and, as will be 
discussed later, has been shown to be the source of early fietel-ovide-comioondictar 
(MOS) device voltage-temperature instability. Bulk crystalline silicon nitride was 
‘known to have better chemical, electrical, and physical properties than quartz, but 
little was known about amorphous Si3N4,. | 
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Amorphous silicon nitride films were ‘grown on le by using a chemical _ 
technique where the reaction — 


 38iHi(g) + 4NH2(g) — SisNa(s) + 12Fa(9) 0-6) 


occurs between 700 and 1200°C. The effect of growth conditions on the properties 
of these Si;N, films has been extensively. studied.*2® The amorphous films were 
shown to have many of the desired properties that silica films do not have, including 
the much desired sodium-ion barrier for MOS devices. However, the electrical 
properties of Si;sN, appear to be far more sensitive than those of SiOQ.. As a result, 
combinations of Si0.—SisN, films on device structures look most attractive. 


10-8. REACTIVELY SPUTTERED FILMS 


In certain types of device fabrication it is desirable to deposit silica films at, or 
near, room temperature. Reactive sputtering answers many of these problems and 
is accomplished by using an apparatus like that shown in Fig. 10-6. An electric 
discharge is initiated between a pure silicon cathode and the anode which is the © 
work to be coated. The apparatus shown is usually set up in a vacuum evaporator 
under a glass bell jar where the atmosphere can be controlled. Generally, mixtures 
of 50% argon and 50% oxygen are used at pressures of approximately 2.5 & 107? 
torr. The discharge is carried out at 3,000 to 4,000 volts and a current density of 
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Fig. 10-6. Typical apparatus used for sputtering silicon dioxide onto a semiconductor surface. 
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around 1 ma/cm*. Under these conditions the silicon cathode is bombarded with 
ionized gas molecules, causing free silicon atoms to be ejected. These silicon atoms 
react with the oxygen and move to the anode, where they deposit as a dense SiO, 
film. Clark® deposited SiO. films at 50 A/min to make thin-film capacitors for 
integrated circuits. 

Valletta et al.*! characterized reactively sputtered films as a function of sputtering 
conditions. They observed that the properties of the oxide were strongly dependent 
on the deposition rate. With infrared techniques, it was shown that at rates above 
250 A/min the films contained appreciable amounts of water and were highly 
porous. High oxygen pressures also caused porous films. 


10-9. EVAPORATED FILMS 


Conventional vacuum-evaporation techniques have been used to deposit thin 
dielectric films of SiO-SiO..*?° Either silicon monoxide is evaporated directly, 
or a silicon electrode is heated in a low-pressure oxygen environment. The technique 
is dificult to control, offers no advantages over the previously mentioned methods, 
and has received little attention as a method for device production. 


10-10. CHARACTERIZATION PROBLEMS 


The analysis of dielectric films has several connotations for the analyst. Both 
the buix of the film and the surface can be analyzed for chemical and . physical 
imperfections, and these ,will be discussed later. However, there are other char- 
acteristics which are just as important to the final device characteristics. Often 
it is possible to determine several of these parameters in a single measurement, 
such as ellipsometry, where both thickness and refractive index are measured. 


410-11. FILM THICKNESS 


Gillespie* has carried out an excellent review of measurement methods for the — 
determination of film thickness. Gillespie’s review is a general survey of methods 
for all films, including epitaxial layers and thin metal films, as well as dielectric 
films. It briefly describes each method with a list of advantages and disadvantages 
and gives the limits of-sensitivity. .The survey is highly recommended to the reader 
to provide groundwork for thickness measurements in thin films. 


10-12. COLOR CHARTS 


One of the earliest methods of estimating the thickness of SiOz films was a visual 
color examination. This technique is still used and under controlled conditions 
can be reasonably accurate. This color phenomenon is caused when white light 
interacts with the SiO, film on the reflecting silicon substrate and a portion of the 
reflected white light is lost because of destructive interference. This destructive 
interference occurs when 

| oe (2k — 1)r 


oe (10-7) 
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where d = film thickness 
k = the order 1, 2, 3,... 
= refractive index of the film 

Generally in a production area, a set of calibrated samples is prepared by the 
same oxidation process to ensure the same index of refraction and covering the 
- thickness range of interest. These standards are physically mounted on a white 
card and labeled. The thickness of the sample is determined by visually OnEeEVERE 

the sample and the standards obliquely and adjacent to each other. 

- Pliskin and Conrad® have published a carefully devised table of colors of silicon 
dioxide films on silicon as a function of film thickness. These data are shown in 
Table 10-3. Since the determination of color is a highly subjective judgment, it is 
difficult to utilize these color-vs.-thickness charts without some knowledge of the 
approximate thickness (order) of the film, and even then considerable operator 
_ experience is required. Generally, the method i is useful only 1 in the 500 to 4000 A 
Tange. 


10-13. WVAMFO 


Pliskin and Conrad® developed a simple apparatus to determine silicon dioxide | 
film thickness, which is based on the destructive interference of white light on 
reflection by the film. However, only one wavelength is monitored, as shown in the ~ 
schematic in Fig. 10-7. The sample, mounted on a stage, is rotated, and the number 
of interference fringes are counted while the sample is being rotated through a’ 
measured angle from a known initial angle of incidence. The technique is described | 
as Variable-Angle Monochromatic Fringe Observation and hence VAMFO. one 
film thickness is calculated by 


ANd | | 
~ 2n(cos Tr, — cos 71) (10-8) 


— 2n(A cos r) 


& Fluorescent light holder 
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Fig. 10-7. Schematic showing the apparatus used for variable-angle monochromatic fringe observa- 
‘tion (VAMFO) to determine the thickness of oxide films. (From Pliskin and Conrad.**) 
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Table 10-3. Color Chart for Thermally Grown SiO, Films Observed Perpendicularly wndei 
Daylight Fluorescent Lighting® 


Order 


Film thick- 


reas a. | (6450-4) Color and comments aw ' Pra Color and comments 
0.050 Tan 0.630 Violet-red 
0.075 Brown 0.68 “Bluish.”” (Not blue but 
0.10 _ |Dark violet to vedvinlet borderline between vio- 
0.125 Royal blue let and blue-green. It 
0.150 Light blue to metallic blu appears more like a mix- 
0.175 I Metallic to very light yel- _ ture between violet-red 
low-green and blue-green and 
| looks grayish. 
0.72 VI Blue-green to green (quite 
broad) 
0.200 Light gold or yellow— 0.77 ‘*Yellowish”’ 
slightly metallic 0.80 jOrange (rather broad for 
orange) 
0.225 Gold with slight yellow-| 0.82 Salmon 
orange | | | 
0.250 Orange to melon 0.85 Dull, light, red-violet 
0.275 Red-violet 0.86 |Violet 
0.300 Blue to violet-blue 0.87 Blue-violet 
0.310 Blue 0.89 . Blue 
0.325 Blue to blue-green 0.92 V Blue-green 
0.345 Light green | 0.95 {Dull yellow-green 
0.350 Green to yellow-green 0.97 Yellow to “yellowish” 
0.365 II Yellow-green 0.99 Orange 
0.375 Green-yellow 1.00 Carnation pink 
0.39 Yellow 1.02 |Violet-red 
0.41. Light orange 1.05 Red-violet 
—«0.425 Carnation pink 1.06 Violet 
0.44. Violet-red 1.07 Blue-violet 
0.465 Red-violet 1.10 Green 
0.475 Violet 1.11 Yellow-green 
0.486 Blue-violet 1.12 VI Green 
0.492 Blue 1.18 Violet 
0.502 |Blue-green 1.19 Red-violet 
0.520 Green (broad) 1.21 Violet-red 
(0.540 _ 1Yellow-green 1.24 Carnation pink to salmon 
0.56 III |Green-yellow 1.25 Orange 
60.574 Yellow to ‘‘yellowish.”’ 1.28 “Yellowish” - 
(Not yellow but is in th 1.32 VII |Sky blue to green-blue 
position where yellow is} 1.40 Orange 
to be expected. At times] 1.45 Violet 
‘it appears to be light 
creamy gray or metallic.) 1.46 Blue-violet 
0.585 Light-orange or yellow to} 1.50 VIII {Blue 
pink borderline _ 1.54 |Dull yellow-green 
0.600 Carnation pink 
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where d = film thickness 
\ = wavelength of monochromatic light 
n = refractive index of film 
ac of refraction at fringe for which angle of incidence is 2; and sin 
= sin 1;/n 
AN = ee of fringes between 7; and 7 
A cos r = (cos re — cos 71)/AN averaged for both maxima and minima 
VAMFO is best suited to the measurement of films thicker than 10,000 A, 
which is fairly thick for films normally used 1 in device production. However, it can 
be used with films as thin as 500 to 800 A with the aid of a small step etched through 
the film to the substrate and an interference-pattern chart. VAMFO assumes a 
known, constant index of refraction, which might not hold for oxides grown by 
several different methods. 


I 


t 


10-14. ULTRAVIOLET-VISIBLE INTERFERENCE 


Corl and Wimpfheimer* utilized the same principle of destructive interference | 
of light passed through and reflected from the silicon substrate as that used in 
VAMFO. However, in this case the angle of incidence was held constant, and the 
wavelength of light interacting with the film was varied. With a standard specular 
reflectance attachment on an ultraviolet-visible spectr ophotometer, the reflectance 
spectrum from an SiO; film on silicon is recorded in the same manner as described in 
Sec. 8-9 for the determination of the thickness of epitaxial films using infrared 
radiation. An interference pattern, as shown 1 in Fig. 10-8, is obtained. The thickness 
of the film is then calculated: | | 


N (Adm) 


oo D(X — Kn) (n® — sin? BP? 


(10-10) 


Percent reflectivity 
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Fig. 10-8. Typical interference pattern on a visible reflection scan for thin-film thickness determina- 
tion. 
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where t = thickness of oxide film 
N = number of complete cycles between \ and An 
X = convenient maximum wavelength 
Am = Convenient minimum wavelength 
n = refractive index of film 
6 = angle of incidence 
A number of other workers*-“° have modified and improved this technique to 
determine oxide film thickness where corrections for the variation of the index of 
refraction and certain phase-shift’ problems were performed. Reizman and Van 
Gelder*! have applied this interference technique to silicon nitride as weil as silicon 
dioxide films and can determine the thickness of double films of silicon nitride on 
silicon dioxide and vice versa. 
_ Reizman and Van Gelder have suggested the name CARIS (Constant-Angle 
Reflection Interference Spectrum) for this general technique, which would be 
analogous to the VAMFO name for the variable-angle method discussed earlier. 
The CARIS method of determining film thickness assumes a known index of 
refraction which does not hold for oxides formed by different methods. The 
technique works well down to film thicknesses of 1000 A, is nondestructive, and is 
easily performed. However, in semiconductor research, a sensitivity limit of 1000 A 
is not acceptable, and one cannot assume a known index of refraction. Lukes and 
Schmidt” have reported a further modification of this general technique down to 
250 A by measu.ing the intensity of reflected light at \ = 4000 A both before and 
after oxidation of the sample. Measurements of this type in production are of 
course not possible. Good agreement between their method and ellipsometry was 
reported. 


10-15. ELLIPSOMETRY 


Ellipsometry provides the most accurate analytical technique for:.determining 
dielectric film thicknesses on semiconductor substrates. It also has the distinct 
advantage, over the earlier techniques, that it determines the refractive index and 
consequently does not have to rely on a constant value for the film-thickness 
determination. 

Ellipsometry is in reality polarization spectrometry since one measures the change 
in polarization of light upon reflection from a film-covered surface. The method 
involves only measurements of polarization and not the intensity or changes in the 
intensity of the reflected light. The apparatus used to measure this change in 
polarization is shown in Fig. 10-9. The system is reasonably simple and involves a 
monochromatic light source (either a laser or a mercury lamp with a filter) and a 
polarizer section to: produce a linearly polarized wave (polarized at 45° te the plane 
of incidence) which interacts with the oxide layer and is reflected off the semicon- 
ductor surface back through the oxide to the analyzer section. The instrument then 
indirectly measures two parameters V and A, where 


v= azimuth angle 
A = phase difference 
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- Fig. 10-9. Schematic ‘showing the construction of an ellipsometer with @ mercury arc (top) and a 
helium neon laser (bottom). 


In thin-film measurements, ¥ and Aare functions of 


mi, k, = optical constants of film 
d = thickness of film | 
ne, ke = optical constants of reflecting surface under film 
\ = wavelength of light used to make the ae 
o = angle of incidence . 
Under the conditions of measurement, the SiOz films are iscasoareat and kt = Q. 
All other parameters are known except d and m for the film. These are then 
-galeulated from the basic ellipsometer equations.*- . | 
112? + 1o3” exp D 


Y= TE rare? exp D +o 


R: = 110° + 123° EXp D 


1 + ratra' exp D | me 
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where D= ee cos vee do/\) (10-13) 


Subscripts 1, 2, and 8 refer to the medium (usually air), film, and substrate, oe 
tively. 


112”, T° = Fresnel coefficients for reflection between medium and film 
Tos, To3° = Fresnel coefficients for reflection between film and substrate | 
p, S = superscripts referring to light polarized with its electric vector parallel 
(p) or perpendicular (s) to plane of incidence 
m. = refractive index of film — 
dé. = angle of incidence 
d = thickness of film 
k?, R* = reflection coefficients | | 
The ratio of the reflection coefficients, p, is the quantity measured by the ellipsom- 
eter, where 


= | | 

P=», = = tan Ve'™ (10-14) | 
and and D are defined above. These equations are rather complex, difficult, and 
tedious to calculate by hand and are therefore usually programmed for computer 


calculations. Copies of these computer programs are available from many workers 


in the field, including the authors of this book. Sets of curves are usually calculated 


relating WV and A to the film thickness at various values for the film refractive index. 
A set of these curves is shown in Fig. 10-10 for SiO, films on silicon with refractive 
indices of 1.40, 1.50, and 1.60. In actual measurement and calculation, the computer 
program yields the best value for film thickness and the refractive sadex through a 
20-step iterative. process. Archer“ has related film density to refractive index, 
as shown in Table 10-4. | 3 | | . 


- Table 10-4. Relationship between Film easily 
‘and Refractive Index for Various Oxide Films“* 


Method of film one of sPensitveovend 
formation | refraction : ee 
Oxygen. ............00. 1.450. | 2.23 + 0.02 
SUCHIN. 6a aces ees — 1.475 > 2.32 + 0.02 
-Anodization............/. 1.362. 1.80 + 0.05 
Decomposition of silane. . 1.430 2.14 + 0.07 © 


ee + Pave saeeaus 1.495 


Fraditionally, workers in the field have aed the 5461-A fine Pain mercury light 
to make the measurements. Generally this single line is weak, and obtaining nulls 
on the analyzer and polarizer of the ellipsometer i is a little difficult until the operator | 
acquires considerable experience. Jones,‘ in the Texas Instrument laboratories, has 
applied a 0.3-mw He-Ne laser as a light source (6328 A radiation) with an in- 
expensive cadmium sulfide photocell: as a- detector. Significantly sharper nulls 
were obtained with resulting better accuracy and reproducibility. It now appears 
~ that the new argon-krypton-xenon i ion lasers can provide all the necessary mono- 
chromatic light lines to cover the entire visible spectrum. 
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Ellipsometry is the most sensitive and accurate technique for determining 

dielectric film thicknesses on semiconductors. The method is nondestructive, 

and films as thin as 10 A can be measured, with no upper limit on thickness. Pre-. 
cisions of +10 A are claimed for the method. 


10-16. INTERFEROMETRY 


The technique of optical interferometry, utilizing a monochromatic light source 
and a microscope-mounted interferometer, is described in Secs. 8-7 and 9-9. The 
application of this technique to the measurement of the thickness of oxide films was 
described in detail by Booker and Benjamin.” The technique is of necessity a 
destructive one since a step must be etched through the oxide film to the substrate. 
The height of this step 1s measured by using two-beam interference for thick films 
—(>3000 A) and multiple-beam interference for thin films (<3000 A). The multiple- 
beam technique® requires that the sample with the etched step be silvered to be 
100 percent reflecting; while one surface of a glass slide is silvered to be approxi- 
mately 80 percent reflecting. The two silvered surfaces are then put close together 
with the glass slide on top and viewed with a metallurgical microscope using 
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monochromatic light. The number of fringes is then determined in the conventional 
manner. | 

While these two interference methods have the disadvantage of being destructive 
methods, they have fairly good sensitivity, accuracy, and precision. Booker and 
Benjamin” estimate an accuracy of +35 A for the multiple-beam technique for films 
as thin as 320 A and +350 A for the two-beam technique on the thick films. 


10-17. STYLUS TECHNIQUES 


Frequently during the fabrication of integrated-circuit devices, there will be 
multiple steps in the oxide as a result of the various processing steps. To measure 
the height of these steps it is convenient to use an electromechanical stylus instru- 
ment such as the Taylor-Hobson,® Model 4 Talysurf.© In this instrument, a 
diamond stylus with a tip radius of 1 to 10 mils and with « 50- to 100-mg pressure 
is drawn across the surface of the specimen. The mechanical motions of the stylus 
are converted to electrical signals which are recorded by a rectilinear recorder. A 
typical recording is shown in Fig. 10-11. Schwartz and Brown*® have described the 
application of this technique to various oxide films and report an accuracy of +50 
to +100 A in the 100- to 5000-A range. The technique is simple, rapid, and is 
nondestructive except for the step examined, which is scratched. However, a step 
in the oxide is required before this method is applicable. 


10-18. FILM DENSITY 


The measurement of the density of a dielectric film is often required as a measure 
of the compactness of the film. This is usually evaluated: by comparing the measured 
density with the theoretical density, and a value of 2.20 g/cm? is usually used for 
silica glass.44 There really is no direct, nondestructive method of determining 
density. Deal! weighed the silicon wafer before and after oxidation and calculated 
the density, knowing the thickness and surface area of the slice. The reverse of 
this technique is frequently used, where a control slice is etched with hydrofluoric 
acid and the weight of oxide removed determined by weight difference. Deal’s 
method is nondestructive but weighs only the oxygen added to the film, while the 
second method is destructive but provides a total weight of oxide film. 

Pliskin and Lehman® devised an empirical relationship between density and 
measured refractive index at a wavelength of 5460 A. The relationship was given by 


p = —4.784 + 4.785n (10-15) 


Fig. 10-11. A Talysurf® trace over a series of steps 
etched into an oxide film. Each vertical division repre-: 


sents 400 A. 


®The Rank Organization. 
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where p was density in grams per cubic centimeter and n was the refractive index 
at 5460 A. It was sometimes necessary to correct for the water content of the 
oxides, although details were not given on how to apply these corrections. Some 
typical values of density for various types of oxide are given in Table 10-5. The 


Table 10-5. Typical Densities for Oxides Grown 
on Silicon by Various Methods 


Growth technique Density, g/cm’ 
Steam, open-tube........... | 2.00-2.20 
Dry oxygen................ | 2.24-2.27 
Wet oxygen.......... Seas 2.18-2.21 
_ Anodic oxides..... er ere 1.80 
Alkoxysilane decomposition. . 2.09-2.15 


more dense values are after densification, which is a technique whereby an oxide is’ 
treated after growth to increase the density of the film. PPC a 15-min 
heat treatment in steam at 800°C will achieve this densification. 


10-19. REFRACTIVE INDEX. 


The refractive index is a parameter that is frequently used as an indicator of the 

overall quality of an oxide or dielectric film. One of the main reasons for this is 
that it is an easily measured parameter and one that can be determined by non- 
destructive techniques. There is of course sound scientific basis for using the 
refractive index as the indicator since it is a ratio of the velocity of light in a vacuum 
to the velocity of light in the dielectric film. The velocity of light in the film is 
controlled by its structure and composition. Empirically it has been observed® 
. that the refractive index of oxide films on silicon is affected by the density and 
stoichiometry. Since the velocity of light in any medium is a function of the 
wavelength, refractive indices are always quoted at a particular wavelength. In 
the case of SiOz films on silicon the refractive index is usually compared with the 
value 1.460 at 5460 A for fused quartz.5! 


10-20. REFRACTIVE INDEX BY INTERFEROMETRY 


Booker and Benjamin” used an optical interferometer to determine the refractive 
index simultaneously with film thickness for SiO, films on silicon. By using a 
sample with a step in the oxide and half metallized, as shown in Fig. 10-12, the 


Pa Steo 


Metal _ Fig. 10-19. ee oxide sam- 
film ple prepared for the deter- 
mination of refractive index — 
and thickness by optical inter-. 
 ferometry.. - 


Oxide —— 
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fringe displacement is measured on the metallized portion q and on the nonmet- 
allized portion p. The thickness d on each section is given by 


d=p3 | | (10-16) 
[a (10-17) 
~~ 15H TD ec 


where \ is the. wavelength of light used for the measurement. Since these two 
equations have the same value, the refractive index n can be calculated from | 


Re | (10-18) 


Booker and Benjamin estimate an accuracy of 1 to 2 percent for a 15,000-A film in 
the range 1.48 to 1.50. 

Pliskin®.° used the VAMFO technique (Sec. 10- 13) to determine ve refractive 
index of oxide films. For any given fringe order N, observed on the VAMFO 
instrument at an angle z of incidence or reflection; it can be shown that 


COS 7; 


. Acosr 


(10-19) 
where r; is the angle of refraction at that fringe and sin r; = sin i/n and A cos 
r = (COS rz — cos 71)/AN. The value of N; must be an integer for maxima and a 
half integer for minima, When there is a step in the film, an approximate No, 
where 7 = 0, can be obtained by counting fringes at the step. Then a value for the 
refractive index i is obtained by iterative interpolation of values until one is obtained 
that gives agreement between the NV; set and No. _ 

‘It is not always necessary to have a step in the film to obtain No. o If the film 
is not too thick and an approximate value of the refractive index is known (and this 
would be the case for SiO, films on silicon), then an iterative interpolation of n 
would be used to obtain the proper integral value for a maximum and the half value 
for the closest minimum. 

This technique is reported to be capable of determining refractive indices with an 
~ accuracy of 0.2 percent. However, this method is highly dependent on the thickness 

of the film under study, and a step is frequently required to obtain a value for the 
refractive index. : 


10-21. REFRACTIVE INDEX BY LIQUIDS 


Lewis” applied a well-established technique of matching the refractive index of a 
set of oils to that of a transparent solid. The solid is successively immersed in known 
oils, and the relief of the interface observed until the interface disappears. The 
refractive index of the solid is then the same as that of the liquid. 

For thin dielectric films on silicon, the same technique is applied, except that a 
step in the film to the substrate is required. A drop of oil is applied. at this step 
and the interface observed. When the refractive index of the oil and the oxide film 
are the same,. the interface disappears optically, and the film edge is no longer 
visible. 
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The factor that aoutnols accuracy in this method is the availability of a ‘useful set 
of calibrated oils. A set of oils in the range 1.300 to 1.700 with intervals of 0.002 
and accurate to 0.0002 is commercially available. Lewis feels that an accuracy of 
0.001 to 0.006 is attainable with this technique. This technique must have a step 
etched in the oxide and must be considered a destructive method. 


10-22, REFRACTIVE INDEX BY ELLIPSOMETRY 


As in the case of thickness measurements (Sec. 10-15), ellipsometry offers the best - 
nondestructive method for determining the refractive index of dielectric films on 
- semiconductors. However, the computations are difficult, and a computer is 
necessary to perform the iterative process. . 

Archer“ described the technique of determining A and W for oxide films on sili- 
con. Since A and W are unique values for each thickness and refractive index of 
the film, it is possible to have the computer iteratively calculate thickness over a 
given range of refractive indices to obtain the correct value of n for that A and Vv. 
The technique is nondestructive and is estimated to be accurate to +0.004. 


10-23, ELECTRICAL EVALUATION 


The electrical properties of the dielectric films grown on semiconductors are 
vitally important in the finished device. Surprisingly little work has been published 
on the evaluation of the electrical characteristics of these films. Guidelines can be 
obtained from examining the electrical measurements made on silica glasses.” 
Generally it can be stated that most workers in semiconductor-device fabrication 
evaluate the electrical characteristics of the oxide film by looking at the final 
electrical properties of the device. It is then possible to relate empirically some 
property of the oxide to one of the electrical properties of the device. This device 
parameter is monitored while the properties of the oxide are changed. 


10-24. RESISTIVITY 


The dielectric films currently in use in device fabrication have resistivities as high 
as 10” ohm-cm with a range down to 10”, depending on the method of growth. 
Electrical measurement of the resistivity of these films is complicated by several 
factors, including making good electrical contact and preventing surface leakage. 
Wellard™ described a guard-ring technique, shown schematically in Fig. 10-13, in 
which the guard circuit prevents surface leakage. The measurement circuit also — 
provides.a means for discharging the sample. This latter step is necessary because 
all these films are dielectrics and act as capacitors. 

The electrical properties of evaporated SiO films have been more extensively 
studied®-8 as capacitance structures by using evaporated aluminum electrodes. 
Siddall® observed that the conductivity (¢ = 1/p) of oxide films was made up of 
ionic conductivity by impurities, small leakage paths caused by physical defects, 
and slow polarization effects which show up as a slow decay of leakage current with 
time. Because all these factors are dependent upon film-growth conditions, the 
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Fig. 10-13. Direct-deflection method used for making high-range resistance measurements. (from 


Wellard.**) 


electrical properties observed are not the intrinsic SiO properties, but depend on the 
conditions of deposition. The resistivity of the films is often studied by observing 
the current-voltage (I-V) curves, and Ohm’s law is obeyed only at very low voltages 
(up to 0.1 volt). The nonlinear behavior continues up to the breakdown voltage and 
must be attributed to the three factors discussed by Siddall.© 

Table 10-6 gives some typical resistivities of oxide films grown by different | 


Table 10-6. Resistivities of Oxide Films Prepared 
by Various Methods | 


| Resistivity, 
| Oxide film , ohm-cm 
Thermal oxide (steam)..... Zs 104-10!" 
Anodic oxides............... 10-1018 
Evaporated Si0............. 10-108 
Chemical deposited (CO)... . 104-10! 


techniques. Oxide films with resistivities in the 10% to 10” ohm-cm range are 
readily attainable. The electrical evaluation of the resistivity of these films is more 


| difficult. 


10-25. DIELECTRIC STRENGTH, DIELECTRIC CONSTANT, DISSIPATION FACTOR 


The other electrical properties that are used to characterize oxide films all make _ 
use of the dielectric properties of the film.5 3° In these tests ohmic contact is made 
to the silicon substrate and to an evaporated metal-dot electrode on the surface of 
the SiO, film. Dielectric-strength or breakdown-voltage studies are always per- 
formed with the silicon electrode positive. In this configuration, the breakdown 
voltage is not time-dependent and appears to be of an intrinsic nature. The time- 
dependent breakdown occurs with thesilicon negative (metal dots on oxide positive) 
and obeys an empirical relationship known as Peek’s law, where there is a linear 
relationship between time ¢ to breakdown and applied voltage (V « t-"4), 
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_. The dielectric constant and dissipation factor are obtained from measurement of 
-eapacitance on a standard capacitance bridge. The dielectric constant is always 
quoted with the measuring frequency and compared with pure quartz (3.78 at 

10 khz). Some typical values are shown in Table 10-7 along with some values of 

dielectric strength for the different types of oxides. . 


Table 10-7. Dielectric Strength and Dielectric Constant of Various Oxides 


Dielectric ss et | 
Oxide strength X 10° Dielectric constant, 
uf 2c 10 khz 
: volts/cm | 
_ Thermal oxide (steam). . auth © 6.8-9 38.2 

Anodic oxide............. eee 5.2-20 3.8 (1 Mhz) 
Evaporated SiO.............. 1-5 —4.1-80 (1 Mhz) «~ 
Chemically deposited (CO:).... «6-6 3.54 


10-26. FILM ANALYSIS 


In previous sections of this chapter, techniques. were described for the measure- 
ment of the properties of dielectric films. These intrinsic properties of the films 
gave little insight into the chemical and physical imperfections that caused variation 
-of these properties. The following sections will deal with characterization tech- 
~ niques for studying these imperfections. _ 


10-27. CHEMICAL IMPERFECTIONS 


The basic problem in the analysis of dielectric films used on semiconductor 
‘materials is the extremely small sample available for analysis. ‘The problem here 
-is more acute than with epitaxial layers because the dielectric films are at least an 
order of magnitude thinner. A typical range of film thickness is 1000 to 10,000 A. 
If we assume a 5000-A SiO, film on a 1-in.-diameter slice, there is 550 ug of sample 
per side available for chemical analysis. Frequently it is necessary to analyze 
incremental parts of the film. For example, it may be necessary to determine the 
impurity content of the outer few hundred angstroms, then the center bulk.of the 
film, and finally the last few hundred angstroms at the oxide-silicon interface. Under 
these conditions, the sample size can be prohibitively small except for the most 
sensitive analytical techniques. — | 


, 10-28. ACTIVATION ANALYSIS 


_ Dielectric films such as SiO, and SiN; on undoped or boron-doped silicon 
substrates provide an ideal medium for neutron activation analysis. Moreover, 
activation analysis is the only technique with sufficient sensitivity to analyze these 
films and obtain: information on the distribution of impurities through the film. 
Virtually all the published work on neutron activation analysis ef this type of filma 
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Fig. 10-14. Schematic of a metal-oxide-semiconductor (MOS) field-effect transistor. (From Osborne, 
Larrabee, and Harrap.*) 


is restricted to sodium in. SiO, films on silicon.** However, everything that is 
described here for sodium is directly applicable to any other chemical impurity 
in the oxide film, provided it has a sufficiently long-lived radioactive species or a 
gamma spectrum with energies higher than the 2.6-hr silicon-31 1.27-Mev peak. 
Workers in the Texas Instruments laboratories have successfully determined 2.6-hr 
manganese-56 and 12.6-hr copper-64 in SiO, films. 

Analysis for sodium in SiO, films on silicon became important in the semiconductor 
industry with the introduction of metal-oxide-semiconductor (MOS) technology. 
Figure 10-14 shows a schematic of an MOS field-effect transistor. In this structure 
the oxide film becomes an active part of the device, which puts far more stringent 
requirements on the oxide than when it is used to passivate a device. In Fig. 
10-14 the oxide film supports a thin metal film which in turn is used to supply 
charge through the oxide to the semiconductor substrate. In this manner the 
metal oxide can act as a gate in the same way as a grid in a vacuum tube. The 
silicon dioxide film must be virtually free of any mobile ions which can drift through 
the oxide when a bias is applied to the metal film, since this can cause device 
instability. Sodium ion has been identified as the principal source of mobile ions: 
in these films. The electrical effects and distribution of sodium in oxide films have 
been described by Carlson et al.,*"® Yon et al.,* and Buck et al.® 

Basically the analytical procedure® consisted of a carefully controlled sample 
packaging for irradiation, involving wrapping in reactor-grade zirconium foil or 
placing in special quartz irradiation containers. The irradiation was carried out for 
24 hr at a flux of 1 X 10" neutrons/(sec)(cm?). The silicon slices were returned to 
the laboratory within 6 to 7 hr,.unwrapped, and rinsed in 6 N hydrochloric acid. 
The oxide film was then incrementally etched in 50 to 500 A steps using 5% HF, 
and each etch lap was analyzed radiochemically. While sodium-24 was specifically 
sought, any impurity with a radioactive species could be studied. The oxide 
thickness before and after each etch was measured with a Gaertner Model L-119 
ellipsometer. A typical sodium impurity profile through an oxide film is shown in 
Fig. 10-15. The high sensitivity of this analytical approach can be seen in Fig. 10-15, 
where as little as 1 ppm sodium was determined in 3.5 to 70 ug of SiO, removed in an 
etch lap. The detection limit was shown to be 7.6 X 10-6 ug at the 95 percent 
confidence level. The detection limit for any impurity in the oxide film is controlled 
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Fig. 10-15. Typical sodium concentration profile through a silicon dioxide Film (7000 A). (From : 
Osborne, Farrabee; and Harrap.®*) 


by the flux, cross section, and irradiation as discussed. under activation analysis of 
bulk silicon in Sec. 5-5. | 

One of the solutions to the problem of sodium migration through oxide films has 
been the introduction of large concentrations of phosphorus into the outer surface 
of the film to form a glaze which getters the sodium. Neutron activation has been 
applied to the analysis of oxide films to determine the phosphorus distribution: 70-72 | 
and when comb.ned with autoradiography yields valuable information on phase > 
segregation. Neutron activation analysis of oxide films for phosphorus is ideal for 
the radiochemist because the 14-day half-life of phosphorus-32 is sufficiently long to — 
allow the decay of shorter-lived interfering activities such as #81, Na, ?Br, %Au, 
and Cu. 


10-29. RADIOACTIVE TRACERS IN FILM FORMATION 


In the characterization of oxide films for chemical imperfections, it is sometimes 
- more convenient to use radioactive tracers than activation analysis. There are 
generally two reasons for choosing this approach. Firstly, the chemical impurity 
may not yield a-suitable radioactive species (half-life too short, poor yield. due to 
small capture cross section or very long half-life, or the radioactive species does not 
lend itself readily to counting). Secondly, there may be a predominance of other 
impurities, yielding radioactive species that obscure the activity of the epUTty of 
interest. 
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A good example of such a short-lived activity is the study of sodium in SiO, 
films. In the neutron activation analysis of sodium utilizing the Na (n, y)*4Na 
reaction, the sodium-24 half-life (15 hr) precludes further experimental work 
since ull available time is used in the analysis. However, sodium does have a long- 
lived radioactive species that can be used as a tracer, sodium-22, with a half-life 
of 2.6 years. The isotope is fairly expensive but does allow the experimenter 
considerable latitude in studying the behavior of sodium in dielectric films. Buck 
et al.® used this approach in certain parts of their studies of sodium in SiO, films. 

Water in oxide films is of considerable interest from the device standpoint. 
_ Since most oxide films are grown in steam or in wet oxygen in production processes, 
there is need to analyze these films for water and to determine the behavior of this ' 
water under various thermal and electrical treatments of the oxide. Kuper and 
Nicollian,® in a study of the electrical behavior of steam-grown oxides, observed 
the presence of an n-type inversion layer in the p-type silicon substrate. This 
n-type channel was significantly reduced when the oxide was baked at elevated 
temperatures in a dry ambient. The process was reversible, and hydration with 
resultant n-type channeling was easily achieved. Kuper and Nicollian postulated a 
water species acting as a donor located on the oxide side of the Si-SiO,2 interface. 

Burkhardt® utilized tritium (@H, half-life 12.3 years) labeled water to steam- 
grow oxides. The experimental difficulties associated with the handling, counting, 
and interpretation of the data are large. Tritium emits only a very weak beta 
(0.018 Mev) whose range is very small in any medium. Exchange of the labeled 
- water with atmospheric water in subsequent handling is always a possibility. There 
are associated health hazards that are difficult to assess because of the very weak 
emanating radiation. However, Burkhardt’s execution of the experimental study 
“and subsequent interpretation were excellent. | 

Burkhardt showed that the tritium concentration profile through the oxide 
approached a complementary error function with a surface concentration (C%) 
of 4 X 10'* molecules H2O per cubic centimeter. Even more significant was the 
presence of a minimum in the tritium concentration profile at around 600 A from 
the Si-SiO, interface. This minimum is shown in Fig. 10-16 for three different 
thicknesses of oxide; it always occurred at around 600 A. The water concentration 
then rose sharply at the Si-SiO: interface. This region of higher water concentration 
probably strongly influences the silicon surface and could affect the segregation of 
other species in this region. Sodium ion has been observed to exhibit this same 
behavior™-8 with a sharp increase in concentration from,a minimum to the 
Si-SiO, interface. | | 

Burkhardt’s data also showed the removal of:water from the oxide with baking. 
An activation energy for the outdiffusion of the water from the oxide was found to 
be 15.7 keal/mole. : 


10-30. MASS SPECTROSCOPY 


The spark-source solids mass spectrometer could be used to analyze oxide films if 
the energy of the spark were controlled so that the film was not penetrated. The | 
techniques described in Sec. 7-21 for the mass spectrometric analysis of thin epitaxial 
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Fig. 10-16. Water concentration profiles through silicon dioxide films as iiccauted by tritium (HH) 
tracer. (From Burkhardt.7*) 


films would be directly applicable. There appears to be no published work on this 


particular application of the spark-source spectrometer. However, when the new — 


pulsed-laser sources and ion-bombardment sources are developed further, this 
method of analyzing dielectric films may become more attractive. 


10-31. INFRARED SPECTROSCOPY 


_ Infrared spectroscopy has been widely used in the study of dielectric films on _ 
semiconductors. Utilization of reflection attachments eliminates any effect of the | 
semiconductor substrate and allows examination of the film alone. | 

In studies of silicon dioxide films, the Si-O bands at 1,090 and 805 cm— provide 
information on the oxide film itself. Pliskin and Lehman” have studied the Si-O 
stretching bands in the densification of oxide films. Both the position and half- 
width of the bands were shown to be related to the density, porosity, and bonding 
character in the films. The O-H stretching bands at 3,650 and 3,410 cm™ provided 
valuable information on the water content of these films as well as bonded hydrogen 
and hydroxyl groups in the films. Pliskin and Castrucci” used infrared spectroscopy © 
to study the reactivity and bond strain of films formed by eon Eun evaporation 
of silicon dioxide. 

Valletta et al.?4 used the techniques described By Pliskin and benniaa to study 
reactively sputtered silicon dioxide films. 7 

Silicon nitride films on silicon can be analyzed for Si-O content and water | 
content by using these same stretching frequencies. Bean et al. have recorded the 
infrared transmission of Si;N, on silicon from 0.2 to 24 j, and Levitt and Zwicker® 
studied the infrared eeu on gallium arsenide. 
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Certain impurities or dopants have characteristic spectra when incorporated in 
oxide films. Pliskin”5° studied the silica and phosphosilicate structures in SiO, 
films. Corl et al.” used infrared spectroscopy to study the phosphosilicate layer 
in phosphorus-doped SiO; films and were able to measure the amount and uniformity 
of P—O bonding in the oxide structure. Using this analytical technique to monitor 
the process, they were able to reduce failure incidence due to inversion in diodes and 
n-p-n transistors. 


10-32. PHYSICAL IMPERFECTIONS 


The physical structure and perfection of dielectric films on semiconductors have a 
profound effect both on the production yield and on theultimate electrical char- 
acteristics of the finished device. Knoop and Stickler” and Stickler and Faust” have 
extensively studied the nature of these imperfections and their effect on devices and 
device processes. It is obvious that pinholes or cracks in the amorphous films would 
be highly detrimental to yields in processes where the film must act as a diffusion 
mask. Similarly, device characteristics would be adversely affected where the oxide 
is used to passivate the surface or as an insulator to support evaporated metal leads 
in integrated circuits. However, there are other types of oxide defect that are not 
as obvious. The film may not be uniform in thickness; and when a phosphorus or 
boron glaze is applied to the outer layer of oxide, the subsequent diffusion processes 
will be nonuniform and the devices will have inversion or depletion layers caused by 
the proximity of the impurity in the thin areas. Similarly, crystalline areas in the 
amorphous film can have deleterious effects on the devices. There can also be 
mechanical strain both in the oxide and in the silicon at the silicon—SiO, interface. 
The device implications of this strain are discussed by Jaccodine and Schlegel,®° 
who point out that this stress can affect the breakdown voltage of p-n junctions 
and adversely influence the density and distribution of surface states, as well. as 
act as a source of dislocation generation. | | | 


10-33. ELECTROCHEMICAL TESTS 


McCloskey®! applied an electrograph technique, described in detail by Hermance 
and Wadlow,® to the detection of pinholes in silicon dioxide films. The apparatus 
used is simple and easily constructed. The electrolyte used in the ‘‘Millipore” 
-type membrane paper is a benzidine-hydrochloric. acid solution. Where there is a 
hole in the oxide, the benzidine will be electrochemically oxidized to a blue product. 
and the paper will become an electrograph rene pinholes in the oxide, as shown 
in Fig. 10-17. 

The procedure works best on wafers that have etched patterns in the oxide film © 
which serve as reference guidelines to aid in locating the pinhole. The procedure 
will only detect pinholes that go completely through the oxide to the silicon sub- 
strate. To repeat the test on the same wafer it is necessary to etch the wafer for 1 
-min in 0.5% HF to remove the 25 A of SiO, formed anodically Tee the electro- 
graph formation. 
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Fig. 10- 17. Elecnomiapha used to detect the presence of sinholen in oxide films. (a) Electrograph of a 
silicon wafer containing etched microcircuit patterns; (b) one of the microcircuits on the electrograph 
enlarged, showing a pinhole location. (From McCloskey.®) 


Accordingly, the electrograph procedure will record pinholes as small as 1000 A in 
diameter but only on holes that penetrate through the oxide to the substrate. Since 
as little as 25 A of oxide will prevent the electrochemical oxidation of the benzidine, 
it is likely that the test will be valid only on reasonably freshly etched slices. Silicon 
grows a native oxide of 15 to 25 A in thickness on exposure to the ee eer 
which would inhibit the test. 


10-34, ELECTRON MICROSCOPY 


Electron microscopy is the most widely used analytical technique for studying 
physical defects in dielectric films. Balk et al.** used collodion surface-replication 
electron microscopy to investigate the microstructural properties of thermally 
grown SiO, films. By mechanically scribing a small v mark in the original silicon 
substrate surface, it was possible to grow oxide on damaged and damage-free areas 
near this reference point. Excellent electron micrographs were obtained which 
showed the adverse effect of substrate mechanical damage on the subsequent quality 
of the oxide films. 

Stickler and Faust?! have had good success using transmission electron micros- 
copy to look at oxide films on silicon. One distinct advantage of this approach is 
the ability to examine the bulk of the film, while replica techniques only yield 
information on the surface morphology: The SiO: films were separated from the 
silicon substrates by a hot chlorine technique similar to that described by Tannen- 
baum.® The oxidized silicon slices were placed in quartz boats in a tube furnace, and 
chlorine was passed over the samples at 800°C for about 20 min. The silicon was- 
converted to SiCl, and distilled off, while the SiO. was left behind since it does not 
react with chlorine. The quartz boat was removed, and the film was floated off and 
mounted on a standard electron-microscope grid. The thin films were then examined 
by transmission at 100 kv in an electron microscope. Stickler and’ Faust* were 
able to show the presence of embedded abrasive particles as well as other “dirt” 
of an unidentified nature and source. 
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In subsequent work,” these same workers combined electron diffraction and 
optical microscopy with their transmission electron microscopy studies to define 
the effect of device processes on the SiO, films. It was shown that thermal cycling. 
caused a sharpening of the electron diffraction rings, indicative of some initial 
ordering in the oxide. This start toward crystallinity occurred after 90 hr at 450°C 
in a vacuum. Since many processing steps utilize more severe time-temperature 
cycles than this, film crystallinity can be a serious problem. The diffusion process 
was also shown to adversely affect the amorphous oxide by the formation of ‘‘tubes”’ 
in the film. The reason for the formation of these “tubes” or the origin of particles 
associated with the bottom of these “tubes’’ was not reported. However, these 
imperfections could be detrimental in subsequent process steps and affect both 
device yield and reliability. 

Knoop and Stickler® used electron microscopy and electron diffraction to examine 
the structure of thermally grown oxide films as a function of various heat treatments. 
These workers showed the importance of preoxidation handling and surface prepara- 
tion. Uniform amorphous oxide films of high perfection were grown in open-tube 
systems between 900 and 1200°C. Further heat treatments at 1235°C in a quartz 
tube in either vacuum or argon-oxygen mixtures caused localized cracking of the 
oxide films. Similarly, heat treatment at 1235°C in sealed quartz ampules containing 
oxygen resulted in uniform crystalline oxide films (a-crystobalite). 


10-35. ETCH RATE 


The rate of dissolution of a dielectric film is strongly dependent upon the film 
perfection, density, bond strain, and stoichiometry. Pliskin and Lehman, in 
their structural analysis of silicon oxide films, describe the use of “P”’ etch (15 parts 
HF, 10 parts HNO:, 300 parts H:O, by valine ‘Table 10-8 shows the gross 
diderciices in etch rate observed by these workers on oxide films grown by different 
methods. As can be seen, there is a wide spread in etch rate between different 
types of oxide films, but more significant is the spread in etch rates for the same 
oxide. This latter differcnosd in etch rates can be used to evaluate the oxide growth 
process, where the effect of any change in the process can be monitored by observing 
any difference in etch rate. The lower etch rates indicate higher film perfection. 


Table 10-8. Etch Rate of “P” Etch of 
Various Types of Oxide Film 


Film Etch rate, A /sec 

Pyrolyuies sss seesas 2s 6-20 
Pyrolytic densified. .... 2.0 

COs, chemical, ..... Vint 2.4-4.2 
Reactive sputtering. . —— -3.8-5.2 
ADOGIC. 5.23% oa e50 risa 18-228 
PbO, catalyzed........ 600 
Evaporated........... 20-70 


Bean et al.% used etch-rate studies of Si;N, films to determine the optimum 
growth conditions. The etch used in this work was Bell No. 2 (200 ml H20, 200 g 
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NH.F, 45 ml HF). When the SiH, and NH; flow rates were not optimized, a 
silicon-rich SisN, film was formed which gave a slower etch rate than the pure film. 
The etch rate of the optimized films as a function of temperature yielded an apparent 
activation energy of 15 kcal/mole. 
~. Lopez**.combined etching studies with electrical measurements to examine fast 
giching imperfections in SiO, films. These imperfections produced pinholes in the 
films when the oxide was partially thinned with a buffered hydrofluoric acid etch. 
A metal contact was evaporated onto the thinned oxide, and the dielectric break- 
down was measured between the silicon substrate and the oxide film. Good oxide 
films have typical breakdown fields of 80 to 90 volts per 1000 A. However, those 
oxides with fast etching imperfections, when thinned, yielded breakdown fields 
near zero, which were attributed to pinholes in the film. Lopez showed that the 
fast etching imperfections were probably due to surface contamination prior ‘to 
oxidation. — 


10-36. STRAIN MEASUREMENTS 


The direct measurement of strain at the silicon-silicon dioxide interface is very — 
difficult. Jaccodine and Schlegel® measured the stress in this system by two 
techniques. In the first, the silicon sample (less than 2 mils in thickness) with oxide — 
on one-side was used as a beam, and the amount of bowing, caused by the SiO, 
strain, was measured. In the second technique, the SiO, film was separated from | 
the silicon by hot chlorine etching and the SiO; film used as a balloon. The strain: 
was measured as a function of the air pressure inflating the balloon. Both techniques 
yielded comparable results for a 1200°C oxide, with ; a measured stress of 3.1 X 10° 
dynes/cm?. | 
- Howard et al.% reported on the use of transmission x-ray topography to examine 
the strain at the edges of windows etched in SiO, films. X-ray topography, of course, 
cannot be used to look at. the amorphous oxide but can detect strain in the silicon 
by looking in the window which is free of oxide and strain and comparing this with | 
_ the edge. where strain will be maximized. — 


10-37. ANALYSIS OF THE FILM SURFACE 


‘The analysis of the surface of a 1000 to 10,000 A film presents a real problem to 
the analyst, both with regard to available sample size and, more particularly, 
with regard to available analytical techniques. Since virtually all dielectric films 
used i in the semiconductor industry are silicon dioxide, it is possible to restrict our 
consideration to this, realizing that all analytical techniques can be used ‘on the 
other dielectric films. — : 

Amorphous silicon dioxide films are best thought of as siiigs or hydrated ea | 
The surface. chemistry of silica has been widely studied and is well understood.® 
- Silica. surfaces will both physically and chemically adsorb inorganic and organic 
impurities, and these surface residues will have adverse effects on device charac- 

- teristics and long-term device stability. | 
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10-38. INORGANIC SURFACE RESIDUES 


The most obvious analytical tools for inorganic surface impurities are emission 
spectroscopy and mass spectroscopy. Unfortunately, the technology for excitation 
of only surface contaminants has not been sufficiently developed to allow applica- 
tion of these techniques to insulating films. There is some doubt that either of 
these approaches has the required sensitivity because of the small amount of 
available sample on the surface of the film. In some preliminary studies, Werner® 
used a solids mass spectrometer and-“‘sputtered”’ the surface of an 8iOz film on silicon, 
using an 11-kev beam of positive argon ions. It was possible to monitor the sodium 
concentration from the surface into the oxide film. The interpretation of the results 
was open to question because the (SiOH)* peak decreases with depth into the film. 
However, the technique offers promise of a high-sensitivity analytical technique for 
the analysis of surfaces, because no electrical continuity is required, as is usually 
the case in spark-source mass spectroscopy. 


10-39. RADIOACTIVE TRACERS IN ADSORPTION STUDIES 


Radioactive tracers appear to offer the most powerful tool to the analyst for this 
type of surface study. It is possible to introduce a radioactive tracer into the 
process of interest, count the silica sample, and then determine the amount of 
impurity adsorbéd. By determining the activation energy associated with either 
the adsorption or the desorption, it is possible to distinguish between physical and 
chemical adsorption. This radiotracer approach was applied to the problem of 
etching SiO, films with fluoride-containing etches,® It was shown, in agreement with 
similar studies on silica gel,®**! that the fluoride ion was chemically adsorbed at 
discrete sites on the SiO, surface. Other radiotracers could be used in the same way 
to study surface contamination resulting from any particular treatment. 


10-40. WATER CONTACT ANGLE 


When these dielectric films are used as diffusion barriers, it is necessary to etch’ 
~ windows through the film to allow the diffusant to enter the substrate and form 
active components. These windows are formed by coating the slice with a photo- 
sensitive plastic, as described in Sec. 10-1. This photoresist when properly applied 
must adhere firmly to the oxide film or the etch will react under the photoresist as 
well as in the window, and serious undercutting will occur. Bergh®*? reported a 
correlation between the contact angle of water on silicon oxide and the adherence of 
Kodak Photoresist (KPR). Bergh utilized the fact that silicon oxide films can. be 
hydrophobic or hydrophilic, depending on previous surface treatment. By using 
a reflection goniometer,” the contact angle of a 4-ul drop of water on the oxide 
surface was measured. KPR was then applied, exposed, and developed, and the 
uncoated oxide areas were etched away. It was observed that low water contact — 
angle consistently showed poor KPR adherence. Surprisingly, the contact angle for 
KPR was found to be identical (~20°) on hydrophobic and hydrophilic oxides, 
which implies that a hydrophobic surface is not necessarily an organophilic surface. 
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Bergh interpreted his results to indicate chat the high-contact-angle oxides did» 
not indicate better coupling between KPR and oxide, but rather a decrease in 
the tendency of water to penetrate the KPR-oxide interface. Rand and Ashworth® 
used Bergh’s technique to evaluate H,-CO,-SiBr, chemically deposited ‘silicon 
oxide films on germanium for potential KPR adherence. 

-Lussow et al.™ developed a technique to measure the wettability of SiO, films 
thermally grown on epitaxial silicon. In this method, the sample was placed in an’ 
environmental chamber with air saturated with water and allowed to equilibrate. 
The chamber was opened, and small droplets of water were placed on the surface.. 
The chamber was closed, and equilibrium within the system was reestablished. 
_The wettability of the sample was determined by measuring the average contact 
diameter of four eroplets. A reproducibility of +2.5 percent at the 95% confidence 
level was reported. Subsequently Lussow® studied the adherence of photoresists on 
thermally grown SiO: surfaces which were modified by various treatments. Lussow 
observed that each type of photoresist adhered differently to the different SiO, 
surfaces, and water: wettability alone was not sufficient to predict adhesion per- 
formance. 


10-41. ORGANIC SURFACE RESIDUES 


The techniques described above provide a means of ensuring that the polymerized. 
photoresist film adheres strongly to the oxide film. As described in Sec. 10-1, 


Fig. 10-18. Autoradiogram showing the distribution of residual photoresist on a silicon slice using 
iodine-131. (From Heinen and Larrabee.**) 
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device fabrication involves multiple sequential steps. The photoresist must be 
completely removed between these steps to allow subsequent uniform regrowth of 
oxide, application of evaporated metal contacts, or similar operations. A radio- 
tracer technique for residual resist was developed in the Texas . Instruments 
laboratories® since existing methods*: Jacked sensitivity and did not yield quan- 
titative results. 

Basically, the procedure involves the addition of radioactive iodine-131 to 
inactive KI and oxidation of all iodide ion to iodine. The tagged iodine is allowed to 
react with any residual photoresist on a cleaned slice. The slice is beta-counted 
and an autoradiogram obtained of the surface distribution of organic contaminant 
(ig. 10-18). The procedure can determine 20 ng of residual photoresist on a slice 
with a 90% confidence error of 3.4%. 
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by optical method, 164 
by x-ray diffraction, 157 
Crystal quality, 70-71 
Czochralski crystal growth, 71- 
73, 75-76 | 


Decoration for dislocation den- 
sity, 175 - 
Defect, 151, 152 
' antistructure, 152 
Frenkel, 152 
point, 151 
Schottky, 151 
Dielectric constant, 319 


‘Dielectric films: 


activation analysis of, 320-322 

characterization problems in, 
307 

dielectric constant of, 

dielectric strength of, 319 


319 


electron diffraction for study- 


ing, 327 
physical imperfections in, 325- 
327 
(See also Thin-film formation; 
Thin films. See also under 
Film) 
Differential capacitance, 246 
Differential spectrophotometry, 
144 
Diffusion: 


analysis of data, . 288-296 


autoradiography: in checking 


nonuniformity, 283 | 
Boltzmann-Matano analysis, 

271, 295 
characterization problems, 277 


concentration-dependent, 269, — 


. 271, 295 


effect of temperature on, 271 _ 


effect of time on, 273 
experimental evaluation of, 
274-296 - 
experimental techniques in 
study of, 279-296 © 
activation analysis, 279 
autoradiography, 283 
diffusion process, 282 
interpretation, 288-296 . 
- profiling, 283-286 
sample preparation, 
— 282 
Fick’s law, 265 
infinite-source, 267 
limited-source, 267 
-process, 282 
profiling, 283-286 
radiochemical techniques in 
study of, 278-288 
Diffusion coefficient: 
Arrhenius equation, 272 
computer analysis, 288-296. 
definition of, 265 
, determination of, 288-296 


279- 


effect of concentration on, 269 


effect of temperature on, 271 
effect of time on, 273 
Diffusion depth, 274-276 
by angle lap and stain, 274 
by electrical probe, 276 
by electrochemical techniques, 
275 
by four-point probe, 276 _ 
by radiochémical technique, 
274 
Diffusion furnaces, 272 | 


Eagle-Picher process, 
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Diffusion process, 282 
Diode reverse current, 197 
Dislocation: 
edge, 152 
motion of, 154 
partial, 156 
screw, 154 
typing of, 185 
Dislocation densit~: 
by decoration, 175 
by etch pits, 170 
by-x-ray diffraction, 175 
by x-ray transmission, 182 
Dislocations, 152 
Distribution coefficient, 78 
Donor, definition of, 15 
Dopant: 
behavior of, 76 
distribution of, 238-246 
by activation analysis, 241 
by differential capacitance, 
246 
by radiotracérs, 
in epitaxial films, 
solubility of, 81 
by chemical techniques, 81 
by electrical techniques, 81 
by radiotracer techniques, 81 
Double crystal x-ray spectrom-_ 
eter, 181 
Drift ey definition of, 14 


238-241 
238-241 


29, 43 
Edge dislocation, 152. | 
Edge effect, 283 
Edge-ledge defect, 250 


' Effective segregation coefficient, 


73, 83 
Electrical characterization: a 
of dielectric films, 318-320 
by dielectric constant, 319 
by dielectric factor, 319 
by dielectric strength, 319 
_. by resistivity, 318 
for dopant solubility, 81 _ 
of epitaxial films, 242-249 
by differential capacitance, 
246 ? 
by four-point probe, 242. 
- by Hall measurement, 248 | 
by infrared reflectivity, 249 
by microwave’ measure- 
ment, 247 
by pulsed-point contact, 245 
by ’ three-point probe, 243 
by two-point probe, 245. 
by Van der Pauw measure- 
- ment, 248 
for p-n junction. measurement, 
276 


346 


Electrical characterization 
(Cont.): 
of single crystals, 90-99 
by four-point ‘probe, 92 
‘by Hall measurement, 93-97 
by lifetime, 97-99 
_ by one-point probe, 93 
by two-point probe, 90 
by Van der Pauw measure- 
‘ment, 96 
of surfaces, 195-197 
by bulk conductivity, 196 
by . diode reverse current, 
—197——C 
by photoconductivity, 197 
by photomagnetoelectric ef- 
fect, 195-196 
Electrochemical capacitance, 


216 

Electrochemical growth of oxide 
films, 302. 

_ Electrochemical junction. aatinies 

ation, 275 | 

Electrochemical pinhole. test, 
325-326 

Electrochemical potential, 216 


Electrograph technique, 325-326 
Electron diffraction: 
of dielectric films, 327 , 
of epitaxial surfaces, 255 
.for surface. analysis, 214-215 
Electron microprobe, 210-213, 
| 238 
for epitaxial film COM POSTON, 
238 
for epitaxial film défewts, 255 
Electron microscopy: | 
of dielectric films, 326 . 


of epitaxial film defects, 255. 


of surfaces, 201 
Elemental semiconductors, le 
74 
Ellipsometry : 
infrared, 229, 230. 
visible, 311-314 
Emission spectroscopy: 
of antimony, 60 
for copper, 60 
for other metals, 60 
of arsenic, 63 : 
for aluminum, 63 
for cadmium, 63 
for cobalt, 63 
for copper, 63 
for iron, 63 
for magnesium, 63 _ 
for nickel, 63 | 
for other metals, 63 
for titanium, 63 
for vanadium, 63 
for zinc, 63 
in diffusion studies, 277 
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: Emission spectroscopy (Cont.): 


of epitaxial films, 258 

for gallium, 42 

of gallium, 47 

for copper, 47 
for magnesium, 47 | 
for other metals, 47. 
by split-burn, 47 

_ for zine, 47° 

of gallium arsenide, 106-109 
for alkali metals, 109. 
for aluminum, 109 
for beryllium, 109 
for bismuth, 109 
for boron, 109 
for cadmium, 109 
for chromium, 109 © 
for. cobalt, 109 
for copper, 109 
for gold, 109 
for halogens, 109 
for hydrogen, 109 
for iron, 109 

_ for magnesium, 109. 
for manganese, 109 
for mercury, 109 

- for nickel, 109 
for nitrogen, 109 
for oxygen, 109 | 
for phosphorus, 109 
for silver, 109 — 

~ for sulfur, 109 
for tellurium, 109 
for tin, 109 
for titanium, 109 
for zine, 109 

for germanium, 28 | 

of germanium, 106, 109 
for arsenic, 105 
for bismuth, 105 
for boron, 105 
for hydrogen, 109 
for metals, 105, 109 

of germanium dioxide, 107 
for arsenic, 107 
for phosphorus, 107. 
for selenium, 107 

for indium, 49, 52 

of indium, 57 | 
for copper, 57 
for gallium, 57 
for iron, 57 
for lead, 57 
for mercury, 57 
for silver, 57 | 
by split-burn technique, 57 
for tin, 57 
for zine, 57 

of silicon, 105-109 

. for aluminum, 106 
for bismuth, 106 
for boron, 107, 109. 


Emission spectroscopy, of silicon 
(Cont.): | 
for cadmium, 106 
for calcium, 106 
for copper, 106 
for lead,. 106 
for magnesium, 106 | 
for metals, 105-107 | 
for tantalum, 106 
for titanium, 106 
for zinc; 106 | 
of silicon carbide, 107_ 
of single crystals, 105 
by split-burn technique, 107, 
108 | 
of gallium resnida: 107 
of indium antimonide, 107 
sensitivities for GaAs, 107 
of silicon carbide, 107 


_ Emitter, definition of, 26 


Energy bands, definition of, 10 
Epitaxial, definition of, 219 


_ Epitaxial films: 


characterization problems, 223 
. chemical Emperrections in, 258- 
260 
composition of, 231-238 , 
dopant distribution in, 238 
doping in, 223 
electrical chaaweteaation of, 
242-249 | 
growth of, 219-221 
optical reflectivity. of, 232 
physical imperfections in, 249- 


258 
thickness measurement (of; 
224-230 | 


(See also under Film) 
Equilibrium distribution coef- 
ficient, 78 
Etch pits, 169-170, 198 
for dislocation density, 170 
formation of, 169 
from surface damage, 198 
Kitch rate, 193-195, 329 
of gallium arsenide, 194 
of germanium, 194 
of oxide films, 327 
by P etch, 327 | 
of physical imperfections in 
films, 327 
_of silicon, 194 
Etches: 
for diffusion depth, 274 
for diffusion staining, 
for epitaxial films, 252 
for gallium antimonide, 179, 
180 - 
for gallium arsenide, 180 
for germanium, 176, 177 
for indium antimonide, 179 © 
for indium arsenide, 180 — 


275 


_Etches (Cont.): 
for indium phosphide, 180 
for lapping diffused slices, 286 
for oxide films, 327 
for p-n junction delineation, 
275 
for polishing before diffusion, 
282 
for silicon, 178, 179 
Httinghausen effect, 96 
Evaluation of single crystals, 
90-99 
Evaporated films, 307 
Extrinsic conduction, definition 
of, 15 


Fast-sweep polarograph, 139 
Fermi level, theory of, 24 
Fick’s laws, 265, 266 
Film analysis, 320-331 
Film density, 313, 315, 316 
relation to refractive index, 
313, 315, 316 
Film thickness measurement, 
307-315 
‘CCARIS method, 311 
color charts, 307-309 
ellipsometry, 311-314 
interferometry, 314 
stylus technique, 315 
ultraviolet-visible ' interfer- 
ence, 310 
VAMFO method, 309- 310 
Flame photometry: 
of antimony, 60 
for alkali metals, 60 
for calcium, 60 — 
of arsenic, 63 
for alkali metals, 63° 
for calcium, 63 | 
for gallium, 43 
for indium, 51 
Fluorimetry: 
of antimony, 59 
for aluminum, 59 
for selenium, 59 
of arsenic, 62 
for selenium, 62 
for tellurium, 62 
for. gallium, 136. 
of gallium, 45 
for cobalt, 45 
for copper, 45 
for nickel, 45. 
for selenium, 45 | 
for indium, 52 
of indium, 55 
for lead, 55 
for selenium, 55 
for zinc, 55 
of silica, 136 
for tantalum, 136 


Fluorimetry (Cont.): 
of silicon, 136 
for boron, 136 
for gallium, 136 


‘Fluorine on surfaces, 329 


Four-point probe, 21, 33, 92-93, 
242, 276 
Frenkel defect, 152 


Gallium: 
analysis of, 45-47, 137, 138 
by activation analysis, 46 
by colorimetry, 45 
by emission spectroscopy, 
47 
by fluorimetry, 45 
by mass spectroscopy, 47 
by paper chromatography, 
45 


by polarography, 45, 137- 
138 
by volumetry, 47 
determination of, 42-44 
by activation analysis, 43 
by colorimetry, 43 
by emission spectroscopy, 
42 
by flame photometry, 43 
by gravimetry, 42 
in recovery process, 44 
history of, 41 
occurrence of, 42 
production of, 44 
recovery of, 43; 44 
Gallium antimonide etches, 179, 
180 
Gallium arsenide: 
analysis of: by activation 
analysis, 130 
by colorimetry, 144 
by differential spectropho- 
tometry, 144 
by emission. spectroscopy, 
106, 107, 109 
by lattice parameters, 145 
by mass spectroscopy, 114 
by polarography, 137 
by vacuum fusion, 141 
by volumetry, 140 
etch rate of, 194 
etches for, 180 
sources of impurities in, 79 
Gamma-ray spectroscopy, 119, 
121, 124 
Gaussian diffusion. (see Limited- 
source diffusion) 
Germanium: | 
analysis of: by activation 
analysis, 117-119 
by colorimetry, 131-132 
by conductivity type, 33 
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Germanium, analysis of (Cont.): 
by emission spectroscopy, 
105, 109 
by fluorimetry, 136 
by. infrared spectroscopy, 
142 
by mass spectroscopy, 110 
by polarography, 136-139 
by vacuum fusion, 141 
by volumetry, 45 
carbon in, 80-81 
conductivity type, 33 
determination of: by colorim- 
etry, 29 | 
by emission spectroscopy, 
28 
Eagle-Pieher process, 29 
etches for, 176, 177 
evaluation of, 35 
history of, 27 
intrinsic resistivity of, 35 
occurrence of, 28. 
production of electronic, 31 
purification by gradient freeze, 


recovery of, 28, 30, 31 
resistivity of, 32, 35 
Germanium dioxide: 
analysis of: by activation 
analysis, 116, 118 
by colorimetry, 131, 132 
by emission spectroscopy, 
107 
ASTM. reduction procedure, 
34 
evaluation of, 34 
Germanium transistor, 3 
Gravimetry: 
determination of ealliain: 42 
determination of indium, 49, 
52 
Greninger net, 160 


Hall coefficient: _ 
definition of, 20 
determination. of, 21, 93.97 
AC-DC Hall system, 96-97 
AC Van der Pauw method, 
97 
by ASTM method, 97. 
DC-DC Hall system, 93-96 
of epitaxial films, 248° 
for resistivity, 93 
of single crystals, 93-97 - 
Hall mobility, definition of, 18 
Hall’s analysis of diffusion data, 
293 
HMODE cell, 139 » 
Hole, definition of, 13 
Horizontal crystal growth, 75 
Horizontal zone refining, 73-74 
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Hydrophobic surface, 217 


Impurity behavior in single 
_ erystals, 76-78 
203-209 


- Impurity deposition, 
-. chromate, 208 
copper, 203 
fluoride, 209 
gold, 208, 205 
iodide, 209° 
‘iron, 203 
phosphate, 207 
silver, 204; 206 
sodium, 205 
sulfate, 207 
Impurity distribution in single 
crystals, 73, 78, 89 
. Indium: 
analysis of, 54-57 
by colorimetry, 54, 55 | 
by emission spectroscopy, 57 
by fluorimetry, 55 
by mass spectroscopy, 57 
by polarography, 51, 55, 56 
by turbidimetry, 55 
by vacuum fusion, 57 
determination of: by activa- 
~ tion analysis, 50, 53 
by colorimetry, 50, 53 
by emission spectroscopy, 
49, 52 
by flame photometry, 51 
by fluorimetry, 52 
by gravimetry, 49 
by polarography, 54 
by volumetry, 51, 52 
history of, 48 
occurrence of, 49 
production of high-purity, 54 
recovery of, 51 
Indium antimonide: 
analysis of, 108, 139, 143 ° 


by emission ein 2 


108 
by polarography, 139 
by volumetry, 143 
etches for, 179 
stoichiometry of, 143 
Indium arsenide: | 
analysis of, 137, 1389 
by polarography, 137, 139 
_ etches for, 180 
Indium phosphide, etches for, 180 
- Infinite-source diffusion, 268, 
286, 289, 293 
Infrared ellipsometry, 229-230 
for epitaxial film thickness, 229 
Infrared interferometry, 226-228 
for: epitaxial film thickness, 
226-228 
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Infrared reflectivity, 191 
for epitaxial film resistivity, 
249 


| Infrared spectroscopy: 


of dielectric films, 324 

for oxygen in germanium, 142 

for oxygen in silicon, 142 

of single crystals, 141 | 
Insulators, conduction in, 13 
Integrated-circuit: process, 299 


Integrated circuits, history, 5 | 


Interferometry, 314, 316 

_ film thickness, 314 
multiple-beam technique, 314 
refractive index of films, 315 
two-beam technique, 314 

Intrinsic conduction, definition 

of, 13 

Intrinsic resistivity: 
germanium, 35 
silicon, 41 

Ionization level, 77-78 


Junction theory, p-n, 4 


Junction transistor, theory of, 25 — 


‘Kikuchi lines, 255 
KMER (Kodak Metal Etch. 


| Resist), 210 | 
KPR (Kodak Photoresist), 329 


Lang x-ray topography, 184, ant 


_ Lapping: 


chemical, 281 
mechanical, 280 
Lattice parameter, GaAs, 145 
Lifetime: 
ASTM method for, 97 
contactless method for, 97-99 
_ derivation of, 21 
measurement of, 22 
minority-carrier, 102 
in single crystals, 97-99 
Limited-source diffusion, 
289, 293 
Lineage structure, 172 
LSI (large scale integration), 
300 


267, 


Mass spectroscopy: 
analysis: of antimony, 60 

of arsenic, 63 
of dielectric films, 323 
of epitaxial films, 259 
of gallium, 47 
of gallium arsenide, 114. 
of germanium, 110 


Mass spectroscopy, analysis 
(Cont.): 
of indium, 58 
of oxide films, 329 
of single crystals, 110 
of surface, 214, 216 
energy distribution in source, 
113 
instrument, 110 
Matano analysis (see Boltzmann- 
Matano analysis) 
Matano interface, 295 
Materials characterization: 
definition of, 8 
- problems, 6 
Mechanical surface damage, 191 
Metals, conduction in, 14 
Microwave measurements, 247 


. Minority-carrier lifetime, 102 


Mobility, 18, 93-97 
definition of, 14: 
drift, 14 
Hall, 18 
of single crystals, 93-97 


n-type impurities, definition of, 
16 | 

Neutron activation analysis (see 
Activation analysis) 


One-point probe, 93 
Optical reflectivity, 232 
epitaxial films, 232 
Orange peel, 254 | 
Organic surface contamination, 
209 : 
Orientation, 156, 164 
by ASTM method, 164 
by optical method, 164 
effect, on anisotropic segrega- 
tion, 251 : 
on epitaxial film growth, 250 
Oxide film growth, 303-305 


P etch, 327 
p-n junction, ihearg of, 4, 22 
p-type impurities, definition’ 16 
Paper chromatography, analysis 
of gallium, 45 
Partial dislocation, 156 
Photoconductivity, 197 
Photomagnetoelectric effect, 
195-196 
Photoresist residue, 330 
Physical imperfections: 
of dielectric filtns, 325-328 
by electrochemical tests, 325 
by electron microscopy, 325 
by etch rate, 325 
by strain measurements, 328 


Physical imperfections (Cont.): 
in epitaxial films, 249- 
258 
crowns, 255 | 
dimples, 251, 255 
edge-ledge defect, 250 
effect of orientation, 250 
orange peel, 254 
pits, 251 
scratches, 251, 255 
spikes, 251, 255 
stacking faults, 252 
tripyramidal defects, 253 
visual characterization, 251 
voids, 255 
in surfaces, 191 
Pinholes in films, 325 
Planar etch, 282 
Point defect, 151: 
Polarograph, fast sweep, 139 
Polarography: 
of antimony, 59-60 
for bismuth, 59, 60 
for cadmium, 59, 60 
for cobalt, 59 
for copper, 59, 60 
- for indium, 59, 60 
* for lead, 59, 60 
for nickel, 59 
for selenium, 59 
for tellurium, 59 
for thallium, 60 
for tin, 59, 60 
for zinc, 59, 60 
of azsenic, 62 
for cadmium, 62 
for copper, 62 — 
for iron, 62 
for lead, 62. . 
of gallium, 45-46, 1387-138 
for cadmium, 45, 46 
for copper, 45, 46, 138. 
for indium, 45, 46 
for lead, 46, 138 
for selenium, 46 
for tellurium, 46 
for zinc, 46 
of gallium arsenide, 131 
for bismuth, 137 
for cadmium, 137 
for copper, 137 
for indium, 137 
for lead, 137 
for selenium, 137 
for tellurium, 137° 
of germanium, 136-138 
for antimony, 138 
for bismuth, 138 
for copper, 137, 139¥ 
for iron, 137. 
for lead, 137 


Polarography, of germanium 
(Cont.): 
for silver, 137 
for thallium, 139 
for tellurium, 137 
for zinc, 139 
for indium, 51 
of indium, 55-56 
for bismuth, 55, 56 
for cadmium, 55, 56 
for copper, 55,.56 
for iron, 55 
for lead, 55, 56 
for molybdenum, 56 
for selenium, 56 
for tellurium, 55, 56 
- for thallium, 56 
for zinc, 55, 56 
of indium antimonide, 139 
for bismuth, 139 | 
for copper, 139 
for lead, 139 
for tin, 139 
of indium arsenide, 137, 139 
for bismuth, 139 
for copper, 137, 139 
for lead, 137, 139 
for tin, 139 
_ of silicon, 137 
for bismuth, 137 
for cadmium, 137 
for copper, 137 
for indium, 137 
for iron,. 137 
for lead, 137 
for nickel, 137 
for thallium, 137 | 
for zinc, 137 
of silicon chlorides, 38 
for antimony, 38 
for bismuth, 38 _ 
for lead, 38 
for thallium, 38 
. for tin, 38 
Polishing (see Lapping) 
Polycrystallinity, 175 
ppm, relation to carrier concen- 
tration, 16 
ppm atomic to ppm w/w, 112 
Probes, electrical, 21, 33, 92-93, 
242-245, 276 


Profiling diffused samples, 283- 


286 
by electrochemical lapping, 
286 — 
by etch lapping, 285 
by mechanical lapping, 284 
Pulled crystals (see Crystal 
growth) 
Pulsed-point contact, 245 
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Quartz tube sealoff, 281 


Radiochemical techniques: 
for anisotropic segregation, 
85-87 
for cores and facets, 87-89 
for dielectric film studies, 
320-325 
for diffusion studies, 274, 
278-288 
for dopant solubility, 81 
for dopants in epitaxial films, 
238-241 
for epitaxial 
238-241 
for impurity distribution, 89 
in oxide-film formation, 323 | 
for oxide-film surface studies, 
329-331 
for segregation coefficient, 83- 
85 
Reactively sputtered films, 306 
Rectifier, silicon, 1 
Refractive index: 
of dielectric films, 316-318 
by ellipsometry, 318 
by interferometry, 316 
by liquids, 317. 
by VAMFO, 317 
relation to film density, 313, 
315, 316 
Resistivity: 
by ASTM accede 90, 92, 93 
of dielectric films, 318-319 
by four-point probe, 21, 33, 
90-92, 242, 246 
by Hall measurements, 21, 
93-97 
of intrinsic germanium, 35 
of intrinsic silicon, 41 : 
measurement of, 21 
by one-point probe, 93 
relation to carrier concentra- 
tion, 76 
by two-point probe, 33, 90-92 
by Van der Pauw method, 96 
Rocking-curve analysis, 192 


film studies, 


| Sailer etch, 252, 254 


Scanning-reflection x-ray topog- 
raphy: 
of epitaxial films, 257 
of surfaces, 199 | 
Scattering, 103 
Schottky defect, 151. 
Screw dislocation, 154 
Segregation coefficient, 73, 83-85 
determination of, 83-85 
in pulled crystals, 83 
in zone-leveled crystals, 84 
in zone-refined crystals, 83 
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Semiconductor history, 1 
Semiconductor principles, 10 
Sensitivity, activation analysis, 
. L16- + 
Silica: 
colorimetric analysis, 134 © 
for copper, 134 - 
fluorimetric analysis, 136 
for tantalum, 136 
Silicon: 
analysis of: by activation 
analysis, 120-129 
by colorimetry, 133-135. 
by combustion, 140 
by emission spectroscopy, 
105-109 
_-by fluorimetry, 136 
by — infrared - spectroscopy, 
142 
by vacuum-fusion, 140 
carbon in, 80-81 
etch rate of, 194 
etches for, 178-179 
evaluation of, 41 
history of, 41 
intrinsic resistivity of, AL 
production of, 36 
Silicon carbide, emission spec- 
troscopy, 107 | 
Silicon chlorides: _ | 
analysis of: by activation 
analysis, 38 
by colorimetry, 38 
by emission spectrography, 
37 
by gas chromatography, 39 
by infrared spectroscopy, 39 
Silicon dioxide films, 302-305 
anodic growth, 302 © 
chemical deposition, 3803-305 
properties, 305 
‘thermal growth, 301-302 
(See also Dielectric films; Thin 
films. See also under 
Film) | 
Silicon nitride films, 305, 306 


(See also Dielectric films; 
' Thin films. See also under 
Film) | 


Silicon rectifier, 1 

Silicon transistor, 5 

Single crystals: 
activation analysis, of, 116 | 
anisotropic segregation, 85-90 
carrier concentration of, 76 
characterization ‘problems, 79 

_ constitutional supercooling, 

81-83 

cores and facets of, 87-90 
distribution coefficient of, 78 
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Single crystals (Cont.): 
dopant solubility in, 81 
emission spectroscopy of, 105 
evaluation of, 90-99 — 
growth of, 71-76 

- impurity behavior in, 76-78 
impurity distribution in, 73, 78 
infrared spectroscopy of, 141 
mass spectroscopy of, 
quality of, 70-71 | 
resistivity of, 76 
segregation coefficient: in, 83- 

85 

sources of impurities in, 79-81 
spectrophotometry of, 130 

Sirtl etch, 252 

Slip, 175 

Slip plane, 153 

Solids, conduction in, 10 

Solids mass spectrograph, 110 

Solids mass spectrography, 115 
accuracy of, 115 

Split-burn technique, 47, 57, 107, 

108 


‘Spreading resistance probe (see 


Two-point probe). 
Sputtered films, 306 


Stacking fault, 156 


in epitaxial films, 252 — 


Stereoscopic x-ray topography, 
: 187 co 


Stoichiometry :. 
of gallium arsenide, 143, 144 


by differential spectropho- 


tometry, 144 
by volumetry, 143 
of indium: antimonide, 
by volumetry, 143 
of indium arsenide, 143 » 
by volumetry, 143 
Strain measurements in films, 
328 
Stylus technique for filma thick- 
ness, 315 


143 


. Substoichiometric analyse: 118, 


128 | 
Surfaces: 
analysis: by destron diffrac- 
tion, 214-215 
by mass spectroscopy, 214, 
216 
contamination, 202-210 
by anions, 206 
by cations, 203 
by organics, 209 
damage, 191-201 
by conductivity, 196. 
by diode reverse. current, 
196 
by electrical methods, (195 


110 | 


Surfaces, damage (Cont.): 
_ by electron microscopy, 201 
by etch pits, 198 
by etch rate, 193: 
by infrared reflectance, 191 
by magnetic resonance, 197 
by photoconductivity de- 
cay, 197 3 
by photomagnetoelectric 
effect, 195 i 
by rocking curves, 193 
by x-ray topography, 198 
of dielectric films, 328-331 
by mass spectroscopy, 329 
for organic surface residue, 
330 
by radiotracers, 329, 330 
by water contact angle, 329 
imperfections of: chemical, 202 
physical, 191 


nmiorphology, 201, 255 


4 


Teal-Little method, 71-73, 75 
| Thermal conversion, 277 
Thermal growth of oxide films, 


301-303 


- Thermoelectric typing, 33 _ 


Thickness measurement: 
dielectric films, 307-315 
epitaxial films, 224-230 

Thin-film formation: 
anodic growth, 302 
chemical deposition, 303. 
evaporated films, 307 
reactive sputtering, 306 
thermal growth, 301 

Thin films: | | - 
for active part of device, 299 
for diffusion mask, 299 
for interconnection: support, 

298 
for surface | passivation, 298 

III-V compounds: aA 
activation analysis of, 
history of, 5 . 
stoichiometry of, 143 
(See also specific compound) 

Three-point probe, 243 

Transistor: 
junction theory, 25 
p-n-p theory, 4 

Transmission electron © micros- 

copy, 206 

Tripyramid defects, 253 

Tritium tracer, 323 

Twin lamella, 156, 175 

Twinning, 155 


129 


Two-point probe, 33, 90-92, 245 


Ultraviolet-visible interferome- 


try, 310 


Vacuum fusion analysis: 
of galiium, 46 
of gallium arsenide, 141 
of germanium, 141 
of indium, 57 
of indium antimonide, 141 
of silicon, 140 
Valency, 151 
VAMFO (variable-angle mono- 
chromatic fringe observa- 
tion) method, 308, 
310-311 
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CIRCUIT DESIGN FOR 
AUDIO, AM/FM, AND TV 


Prepared By THE ENGINEERING STAFF OF 
TEXAS INSTRUMENTS INCORPORATED 


352 pages, 7/4 x 97%, 145 illustrations 


Stressing time- and cost-cutting approaches, this practical 
volume is packed with — new procedures for solving 
typical problems in audio, AM/FM, and TV circuit de- 
sign. With examples and procedures illustrating the latest 
available transistor devices, it covers such important topics 
as design of IF strips, neutralized and unneutralized am- 
plifiers, IF amplifier designs for AM/FM and FM IF 
amplifier circuit applications, specific design examples for 
each major TV receiver system, UHF and VHF tuners, 
sync separators, vertical oscillators, video amplifier sys- 
tems, IV automatic gain control, and more. 


MOSFET IN CIRCUIT DESIGN 


Metal-Oxide Semiconductor Field-Effect Transistors 
For Discrete and Integrated Circuit Technology 


By ROBERT H. CRAWFORD, Senior Engineer, 
Texas Instruments Incorporated 
136 pages, 7/4 x 97%, 100 illustrations 


Geared to the needs of the practicing engineer and circuit 
designer, this authoritative volume provides the basic 
principles and background required in MOSFET device 
and circuit engineering. The result of actual work with 
MOSFET devices and complex integrated circuits, the 
book ranges over the entire field from basic theory and 
operation of MOS field-effects . . . to MOSFET usage in 
analog circuits and MOSFET-bipolar combinations . . . 
and includes a highly detailed description of an actual 
MOSFET complex integrated circuit. 


TRANSISTOR CIRCUIT DESIGN 


Prepared By THE ENGINEERING STAFF OF 
TEXAS INSTRUMENTS INCORPORATED 


523 pages, 744 x 97%, 526 illustrations 


You can solve your circuit design problems quickly and 
accurately with the help of this authoritative guide which 
translates the most frequently used elements of transistor 
theory into practical solutions and gives you a large num- 
ber of circuit examples with clear, easy-to-follow design 
;~ xedures. It classifies all commercially available tran- 
siscors, showing their relationship to each other and to 
the five basic fabricating techniques. It shows how to in- 
terpret data sheets and device numbers, illustrates equiva- 
lent circuits, details techniques for measuring transistor 
characteristics, and demonstrates the application of tran- 
sistorized circuitry to air navigation, radar, remote con- 
trol, and other areas. 


SOLID-STATE ELECTRONICS ey 


A Basic Course for Engineers and Technicians ~~ 
By ROBERT G. HIBBERD, Semiconductor-Compoi. 
Division, Texas Instruments Incorporated uae 
164 pages, 7 x 10, 90 illustrations 


This unique work presents the principles of semicon- 
ductors in an unusual way. It starts with a description 
of semiconductors and their properties, the p-n junction 
and the junction transistors, and the characteristics of 
transistors and basic transistor amplifier circuits. It then 
describes the manufacture of transistors and other semi- 
conductor materials and devices. The book also discusses 
the whole family of semiconductor devices and examines 
the applications of integrated circuits. Down to earth in 
presentation, it can be used by non-technical readers to 
obtain a working familiarity with the subject. 


SOLID-STATE COMMUNICATIONS 


Design of Communications Equipment 
Using Semiconductors 


Prepared By THE ENGINEERING STAFF OF 
TEXAS INSTRUMENTS INCORPORATED 


365 pages, 7g x 97%, 424 illustrations, 


Here is valuable guidance on recently developed com- 
munications components and their important applications 
in industrial, military, and consumer products. This highly 
useful book .covers-in detail such significant advances as 
field-effect transistors, dual transistors, high-frequency 
silicon planar epitaxial transistors, and germanium planar 
transistors. Ranging from RF to UHF, the book provides 
a wealth of immediately usable design data for the prac- 
ticing electronics engineer. 


FIELD-EFFECT TRANSISTORS 


By LEONCE J. SEVIN, Senior Engineer, Semiconductor 
Components Division, Texas Instruments Incorporated 
130 pages, 744 x 9%, 137 illustrations 


In this concise volume you can get all the practical data 
you need on the theory, characterization, and application 
of field-effect transistors. Its presentation of physical 
theory is based on Maxwell’s equations applied to the 
motion of — particles in a semiconductor. From 
this theory the k develops and uses a lumped linear 
model or equivalent circuit to describe the interaction of 
the. device and its electrical environment. The book ex- 
amines the physical behavior of the field-effect transistor, 
and then explains in detail the electrical characteristics 
of field effects in circuit applications. It also covers the 
development of the FET as a circuit element in low- 
level linear, non-linear, and power circuits. 


SILICON SEMICONDUCTOR TECHNOLOGY 


By W. R. RUNYAN, (Semiconductor Research and De- 
velopment Laboratory, Texas Instruments Incorporated 


288 pages, 744 x 97, 278 illustrations 


Presenting the first extensive coverage of silicon from the 
semiconductor standpoint, this comprehensive yolume fully 
explains the use of silicon in transistors and integrated 
circuits. It brings together information on silicon man- 
ufacturing, casting processes, crystal growth and orienta- 
tion, doping pr ures, diffusion, electrical and optical 
properties, and metallurgy. Hundreds of illustrations, dia- 
grams, and tabular data help clarify such essential infor- 
mation as measuring diffusion coefficients, silicon break- 
ing strengths, melting silicon in molds, distribution of 
impurities during zone melting, silicon tetrachloride and 
trichlorosilane processes, and shape and position of melted- 
solid interface. 


McGRAW-HILL BOOK COMPANY 


339 West 42nd Street 


New York, N.Y. 10036 


